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ABSTRACT

The objectives of this ONR sponsored University Research Initiative (URI) entitled
“Materials for Adaptive Structural Acoustic Control” concern both basic fundamental studies and
highly applied development of the piezoelectric and electrostrictive ferroelectric ceramics which
carry both the sensing and actuation functions for adaptive control. The report documents work
over the third year of this five year program. For convenience and continuity, the activities are
grouped under the headings” General Summary Papers, Materials Studies, Composite Sensors,
Actuator Studies, Integration Issues, Processing Studies, Thin Film Ferroelectrics, and the
Abstracts of graduating students on the program.

The first general papers illustrate the educational role undertaken by MRL faculty both in
the basic understanding of ferroics, and in the philosophy of their application in ‘smart’ systems.
It is interesting that through work pioneered on earlier ONR programs in MRL, it is now possible
to measure both direct and converse electrostrictive response in simple solids, and to thus explore
models to explain the signs and magnitudes of these striction constants. The relaxor ferroelectrics
have been a topic of study for more than 30 years in the laboratory, but recent breakthroughs have
revolutionized the level of understanding and opened a vista for further potential application of size
(scale) effects in ferroics. Electrical control of shape memory has been achieved in a number of
electro-ferroic solids, but full exploitation will need more complete understanding of both
ferroelectric and ferroelastic:ferroelectric domain wall processes. Photostriction, the combination
of photovoltaic and piezoelectric effects in ceramics promises an interesting range of new device
possibilities.

In material studies, the elegant work on lanthanum modified lead titanate has now been
fully written up, and the vital role of strain coupling in the onset of diffuse response underscored.
New experimental methods have been applied to separating and measuring intrinsic and extrinsic
components of response in PZT ceramics and to the measurement of microwave properties in these
high K systems. Soft, intermediate, and hard modified lead zirconate and PZT composition have
been under study for new and more interesting morphotropic phase boundaries which could be
fabricated in single crystal form. Both optical birefringence and Raman studies are being used to
explore domain and phase changes.

In sensing studies, the focus has been maintained upon flextensional (Moonie) structures
and the enhanced performance which new end cap designs are affording. The polyvinylidene
fluoride/trifluoethylene piezoelectrics are themselves an interesting composite system where the
lower symmetry demands more complete characterization. The 1:3 rod and tube type composites
have many performance advantages and trade-offs which will ensure wider scale application now
that economical assembly techniques are at hand.




For actuation, the flextensional (Moonie) offers a number of advantages which merit
further study. Both material and multilayer device related fatigue and destruction mechanisms are
under study, and modes to control and alleviate microcracking and space change degradation are
examined. More detailed studies of the photostriction effects and their control by doping effects in
PZTs have also been accomplished.

Integration studies have continued to explore the components which must be co-processed
in the smart material or adaptive assemblage. Examples are the thick film conduc/tors in copper or
silver/palladium, the 0:3 high density piezoelectric polymer composites and the filter functions
required to eliminate cross talk in the wiring system.

Processing studies are essential to the fabrication of the very wide range of materials
demanded by all elements of the program. Relaxor materials have formed the focus for many
processing activities but more recently the needs for high strain actuation are refocusing interest on
phase switching antiferroelectric:ferroelectric compositions in the high lead zirconate PLZTSs and
PSnZTs with mounting evidence for multiple ferroelectric phases appearing under high fields.

Thin film papers have been selected from the extensive work in MRL on ferroelectric films
because of their relevance to transduction in piezoelectric or phase switching compositions.
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Stability of PZT Piezoelectric Ceramics under Vibration Level Change
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Stability of the piezoelectric properties with changing
vibration level was studied in lead zirconate-titanate (PZT)
ceramics by using the constant-current/velocity driving
method. The changes of Young’s modulus Yf and mechani-
cal loss factor Q' are a function of the square of effective
vibration velocity v,. The nonlinear proportional constants
of the above functions indicate the degree of stability under
vibration level change. The stability of PZT estimated by
these constants coincides with the results obtained through
the heat generation study.

I. Introduction

PPLICATIONS of piezoelectric materials for actuators have

been vigorously studied in recent years.'? A very large
mechanical output power is required for these applications. and
lead zirconate-titanate (PZT) based ceramics are usually used
for these actuator devices. In order to obtain a great output
power, the ceramics must be driven at a high vibration level.
This causes heat generation as well as a drastic change in piezo-
electric properties.>® Since the measuring method to determine
piezoelectric characteristics at high vibration levels was not
established previously, only a few studies were made by one of
the authors’ concerning materials durable at high vibration
levels.

Recently, Hirose et al.®® have succeeded in establishing a
method for measuring vibration level characteristics continu-
ously from low to high levels. The vibration level characteris-
tics for PZT have been measured using this method.'""" The
results suggest that the piezoelectric properties vary with vibra-
tion level and that heat generation of the material increases
drastically when the vibration level exceeds a certain value.
Moreover. these behaviors are markedly dependent on the
materiai compositions.

This paper deals with the stability of the piezoelectric proper-
ties under vibration level change in various PZT ceramics. The
results are very useful for designing high-power piezoelectric
devices such as actuators and are also useful for developing
materials capable of withstanding high power drive.

D. E. Bonnema—contributing editor

Manuscript No. 193585. Received May 16. 1994: approved july 5. 1994,

“Member. American Ceramic Society.

Presem address: The Pennsylvania State University. MRL, University Park.
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II. Experimental Procedure

(1) Specimens

The vibration level characteristics in the PZT-based ceramics
depend strongly on both the basic composition and the dopant.
The following two PZT composition series. designated A and
B. were used here:

A: Pb(Zr,,Ti, )0, + metal oxide.

where metal oxide was 0.5 wt% of Nb,O., 0.5 wt% of Fe,O,, or
none,

B: Pb(ZrTi,_)O, + y wt% Fe,0,,

where 0.58 = x = 048and 1.0=y = 0.

Rectangular plate vibrators with/ = 43 mm, w = 7 mm, and
t = 1 mm, shown in Fig. 1, were used for all the measurements.
Electric poling was carried out along the thickness direction.

(2) Measurements

The fundamental length expansion vibration mode was
excited by the constant current/velocity driving circuit. Reso-
nant frequency f,, mechanical quality factor Q,, motional
admittance Y,,,, and damped admittance Y, were measured as a
function of effective vibration velocity v,.

Figure 2 shows the electric equivalent circuit for the vibrator
in the vicinity of the resonant frequency. The following equa-
tions describe the relations between the circuit component con-
stants and the above measured values:

o— £
2
o—r P

Fig. 1. Shape and size of the piezoelectric vibrator used in the
experiments.

L G R

Fig. 2. Electric equivalent circuit for the piezoelectric vibrator
around its resonant frequency.
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Subsequently. Young's modulus Y, relative permittivity €5,
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where p and g, are the density and the permittivity of free space.
respectively. Therefore, the values of Y, €],, and &,, can be
determined by measuring f;, Q... Yo and ¥,.

The effective vibration velocity v;, is represented by the maxi-
mum vibration amplitude £,, as tollows:

%= \27fifn. (3)

where &,, was observed using the optical displacement sensor.

III. Results and Discussions

(1) A-series PZT

The vibration level characteristics for resonant frequency
fo» permittivity €}, electromechanical coupling factor &,,,
and mechanical quality factor Q, for the A-series PZT
(Pb(Zr,4,Tig4s)O; + metal oxide) are shown in Figs. 3(a), (b),
(c), and (d), respectively. The values of f, and Q,, decrease with
increasing v,, whereas €], and &,, increase. These behaviors are
markedly affected by the dopant. All properties in the Nb-doped
PZT begin to change from a relatively low vibration level in
comparison with the case in the Fe-doped PZT. The undoped is
somewhere in between.

In Figs. 4(a) and (b), 5(a) and (b) AYF/(YE),, Ae€l/
(€30 gs Akoy/(ky)oand AQS'/(Q'), are plotted as a function of
v, on a logarithmic scale. The results suggest that the fractional

¥ ] ¥
oo™ o] ® ]
) o undoped
;’E 4 Nb-doped "
= -m
= (a) ® Fe-doped v
ot 35"-\\ 600 | -
c Ls b d)
sl (c) (d) z
& }/ 10 F 4=
5 4 -
= C’E
30- -‘%j/ 03 ]
| ! I
1072 0~ 1 1072 0™ I
Vg (m/s)

Fig. 3. Vibration level characteristics of (a) resonant trequency f,
(b) permittivity €. (c) electromechanical coupling factor £,,. and
(d) mechanical quality factor Q,, in undoped. Nb-doped. and Fe-doped
Pb(Zr 5, Tl 14 )O. ceramics.
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change AA/A, of any property (A:YS5. €l k,. 07') can be
expressed by the tollowing empirical formula:

- = oy 4)

where B is a nonlinear power constant which is insensitive to
materials. On the other hand. «. the nonlinear proportional con-
stant, can indicate the material’s stability with changing vibra-
tion level: the smaller the a is. the more stable the material is.

The a and B values determined experimentally are summa-
rized in Table I. The value of B is approximately 2 except k,,.
Since the average stored elastic energy density & for the vibrator
is given by **

__ 1
u=spvj (5)
Equation (4) can be rewritten as follows:
AA Y
a2, =od ©
where @ = (1/2)pa’. Therefore. YE, €1.. and Q' become pro-
portional to the average stored elastic energy density.
- ' ' doped
o undop
@ | . Nb-doped (b)
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Fig. 4. Vibration level characteristics of fractional changes of
(a) Young's modulus AYE/(YE), and (b) permittivity A€l/(EL), in
undoped. Nb-doped. and Fe-doped Pb(Zr, .,Ti, .4,)O, ceramics.
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Fig. 5. Vibration level characteristics of fractional changes of

{a) coupling factor Ak./{k.,), and (b) mechanical loss factor
AQL'/(Q5" ). in undoped. Nb-doped. and Fe-doped Pb(Zr, 5, Ti, )0\
ceramics.
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In comparison 1o the undoped PZT. the value of a is large for
the Nb-doped PZT and small for the Fe-doped one. This means
that the Fe-doped PZT is the most stable among the three com-
positions. The result coincides well with the previous heat gen-
eration study.'""

(2) B-series PZT

The dependence of AYE/(YE), and AQ'/(Q7Y), on v, is
plotted for Pb(Zr,Ti,.,)O, + 0.5 wt% Fe,O, (0.58 = 0.48)
and Pb(Zr,;,Tiy )0, + » wt% Fe.0, (1.0 = » = 0) in
Figs. 6(a). (b). and 7(a). (b), respectively. It is clear that Eq. (4)
with B = 2 is also valid over wide .x and v ranges.

Figure 8 shows nonlinear proportionai constant change for
Young's modulus () and mechanical loss factor (a,.,) with
zirconium molar concentration .x. Both the |a,| and o, ., exhibit
minimum values near x = 0.52, which is close to the morpho-
tropic phase boundary (MPB).

In Fig. 9. |a,| and a, , are shown as a function of Fe doping
concentration y. Both the |a,| and a, decrease with increasing

v and appear to be approximately constant for v = 0.6.

These results also coincide well with those of previous stud-
tes concerning heat generation.'*!' Consequently. the nonlinear
proportional constant may be a good indicator for the stability
of the piezoelectric properties under a giant vibration level. It
was found difficuit. however, to apply Eq. (4) for £}, and &,, in
B-series PZT.

Tablel. Nonlinear Proportional Constant « and Nonlinear
Power Constant § Determined Experimentally for Undoped,
Nb-Doped. and Fe-Doped Pb(Zr,,Ti, ,,)O; Ceramics
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IV. Conclusion

The vibration level characteristics of piezoelectric properties
were measured in various PZT ceramics using the constant-
current/velocity driving method. The stability under a high
vibration level was discussed. The fractional changes both for
Young's modulus and mechanical loss factor are a fur<tion of
the square of the etfective vibration velocity. In addition. the
nonlinear proportional constant is found to be a good indicator
for the stability of materials.

A

-1 T T
Pb(Zry sp Tip 4g) Oy +ywt %Fe,0,
=1
om0 o
wo -
> IOE
~ <
we -
5 g
1074 <
-3
10
1072 10" |
volm/s)
Fig. 7. Vibration level characteristics of fractional changes of

(a) Young's modulus AYE/(YE), and (b) mechanical loss factor
AQ-'(Q " )ain Pb(Zry 1 Tig )0, + v wi% Fe,O, ceramics.

Charactenstics Dopant « B
Ys Nb-doped -77 %10 2
Undoped —-58 2
Fe-doped -1.3x 10" 2
38 Nb-doped 50x 10 2
Undoped 1.2 2
Fe-doped 1.7 x 10~ 2
ky Nb-doped 94 I
Undoped 76 x 107! 1
Fe-doped 3s5x 107! 1
o' Nb-doped 4.6 x 10* 2
Undoped 8.5 x 10? 2
Fe-doped 1.7 x 10 2

- T T l
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o0+ o
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wo T €
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Fig. 6. Vibration level characteristics of fractional changes of

(a) Young's modulus AYE/(YE), and (b) mechanical loss factor

AQ,;‘/(Q Y)oin Pb(Zr,Ti, _)O; + 0.5 wt% Fe.O, ceramics.
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Effect of composition and temperature on electric fatigue of La-doped lead

zirconate titanate ceramics
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Composition and temperature of ferroelectric La-doped lead zirconate titanate ceramics influence its
electric fatigue behavior, defined as the degradation of the electrical properties under the action of
an ac field applied for a long time. Compositions of rhombohedral symmetry exhibit little or no
fatigue compared with those of tetragonal and orthorhombic symmetry. At temperatures higher than
the dielectric maximum, no fatigue effect was detected. Compositions close to phase boundaries
(FE-AFE, FE-FE, or FE-PE) display significant fatigue behavior. Electric fatigue arises from the
pinning of domains by space charges or injected carriers or from microcracking. The former (which
are charge related) is accompanied by smaller strains and is recoverable by thermal and electrical
treatment, while the latter (arising from microcracking) arises from large incompatible stresses
between grains and is a permanent damage. The understanding of the mechanism of electric fatigue
gained in the present study provides guidelines for enhancing the long-term reliability of devices

based on ferroic materials.

I. INTRODUCTION

Composition-temperature diagrams play an important
role in the understanding of the behavior of materials. In the
case of lanthanum-doped lead zirconate titanate (PLZT) ce-
ramics, which constitute an important class of ferroelectric
materials with applications spanning from high-strain elec-
tromechanical transducers to thin-film nonvolatile memory
devices, such a composition-temperature diagram encom-
passes: (i) a variety of ferroic phases such as one or more
ferroelectric (FE), antiferroelectric (AFE), and paraelectric
(PE) phases separated from each other by phase boundaries;
spatial composition fluctuations within a given sample, re-
sulting in a ferroelectric relaxor type behavior, are also pos-
sible and (ii) a cubic perovskite structure with a range of
subtle distortions giving rise to tetragonal (T) and rhombo-
hedral (R) symmetries. Pure lead zirconate has monoclinic
symmetry.

These features are displayed in the phase diagram for the
PLZT system at room temperature (Fig. 1) in which the
hatched region separating the FE-AFE and FE-PE phases
denotes a region where a diffuse, metastable ferroelectric
phase can be induced by a sufficiently large electric field.
The addition of La to the basic lead zirconate titanate (PZT)
system confers many beneficial effects such as increased
squareness of the (P-E) hysteresis loop, decreased coercive
field (E.), enhanced dielectric and piezoelectric properties
and larger electromechanical coupling coefficients, improved
mechanical compliance and transparency.! A property exhib-
ited by various PLZT compositions, which is of specific sig-
nificance to the present study, is the variety of hysteresis
loops. These include (a) ferroelectric (FE;) square loop with
a large E and a linear electro-optic behavior; (b) ferroelec-
tric switchable square loop (FEg) with high polarization and
low E; (c) slim loop with no remanant polarization but high
induced polarization when subjected to an electric field, also
possessing a bifringence which is a quadratic function of the
electric field, and a large electrostrictive effect; and (d) a
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double hysteresis loop, characteristic of AFE materials, near
the AFE-FE phase boundary. Thus, a wide variety of ferroic
behavior is exhibited by these materials, depending upon
composition and crystal symmetry.

Another aspect of considerable importance to the present
study is the fact that the crystal structure of some of these
compositions is very sensitive to the electric field and stress,?
for example, a thermally depoled state which is macroscopi-
cally cubic with micropolar regions® and electrically poled
states with macrodomains having an orthorhombic symmetry
at room temperature.>*>

To ensure the long-term reliability of a range of impor-
tant devices based on these materials involving application
of an ac field for a large number of cycles, a clear under-
standing of the physics underlying their behavior is neces-
sary and is undertaken as a part of a comprehensive study of
the fatigue behavior of PLZT ceramics® including the effect
of surface treatment,’ porosity,® grain size,” etc. The property
studied is electric fatigue, which is the change in electrical
properties (decrease of remanant polarization P,, and in-
crease of coercive field E_ under the influence of an ac field.
A range of compositions in PLZT system was selected to
cover ferroelectric, antiferroelectric, paraelectric, and relaxor
ferroic behavior, spanning cubic, tetragonal, rhombohedral,
and (induced) orthorhombic symmetries. For a given compo-
sition, electric fatigue at various temperatures was examined
to elucidate the role of the type of ferroic behavior and crys-
tal structure. For clarification of the arguments presented,
two materials not belonging to the PLZT system were in-
cluded in the study; these are the well-known relaxor ferro-
electric of lead magnesium niobate (PMN) composition and
a single crystal of ferroelectric triglycine sulfate (TGS)
which has only 180° domain configuration.

There are three earlier studies of relevance to the present
work. Taylor!® studied the compositional dependence of the
fatigue behavior of Pbggl(Zr,Sn),_,Ti ]o9sNbg .05 ter-
nary composition and found minimum fatigue at x=0.5,
y=0.5, and 2=0.14 and maximum fatigue at x=0.8, y=0.2,

© 1994 American Institute of Physics 7433
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FIG. 1. Room-temperaturc phase diagram of PLZT ccramics with selected
compositions (Ref. 1).

and z=0.06. These effects were attributed to the magnitude
of the field-induced strain (due to domain reorientations), the
larger strain leading to a greater decay. However, some of the
samples of the present study on hot-pressed PLZT (7/68/32
and 7/65/35) with a small grain size have the same magni-
tude of strain as the most faligued composition of Taylor, but
without exhibiting any electric fatigue, suggesting that fac-
tors other than the magnitude of electrically induced strain
need also to be considered. Freimen et al.' found that the
critical fracture toughness K¢ (stress intensity factor) of
PZT ceramics plotted as a function of % PbTiO; exhibited
minima at the phase boundaries (AFEy- FEQT, FEQ™-
FE¢'D, and FE&HT)—FET), especially at the morphotropic
boundary between tetragonal and rhombohedral phases (Fig.
2). According to these authors, both domain twinning and
microcracking could reduce and redistribute the stress and
increase the fracture energy with a trade-off between twin-
ning and microcracking giving rise to the observed minima
and maxima in Fig. 2. It must be pointed out that the behav-
jor of these materials under an applied ac electric field may
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FIG. 2. Critical fracture touzhness K¢ as a function of composition in PZT
ceramic system. Vertical ! dicates the position of the phase boundaries
at 25 °C (Ref. 11).
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TABLE I. The grain size, temperaturce of maximum diclectric constant, and
ac frequency for fatigue study of PLZT ccramic with different compositions.

Composition Grain size (um) T, (°C) f (Hiz)
7/65/35 145 140) 100
8/65/35 5 1060 100
8.4/65/35 7 92 40
9.5/65/35 7 55 160

7/68/32 S 130 200
7.6/70/30 7 90 60
7.9/70/30 7 82 100

*Sintered; rest are hot pressed.

not necessarily correspond to the fracture behavior under
static mechanical stress.

The only study of the effect of tempcraturc on fatiguc
behavior of ferroclectrics is that of Stadler'? who did not find
any consistent fatigue behavior in BaTiO; single crystals in
the temperature range of —195 °C and room tempcrature.

Il. EXPERIMENT

There are two ferroclectric (thombohedral and tetrago-
nal) phases and an antiferroelectric and a paraclectric phase
present at room temperature in the PLZT system (Fig. 1).
The compositions (La/Zi/Ti) for the present study were se-
lected to include the ferroclectric thombohedral phasc (7/68/
32, 7/65/35, 7.6/70/30), the vicinity of the rhombohedral-
tetragonal phase boundary (8/65/35, 8.4/65/35), the vicinity
of the FE-AFE mixed region (7.9/70/30), and the FE-PE
mixed region (9.5/65/35), as marked in Fig. 1.

Schulze, Biggers, and Cross'® have shown that there is
no difference in the phases obtained by conventional sinter-
ing and hot pressing processes. In order to obtain dense,
pore-free, transparent ceramics, all compositions except
7/65/35 were hot pressed at 1200 °C under a pressure of 200
kg/cm? for 20 h (Table I). The average grain size was 5-7
pm in these samples (Table I). The composition 7/65/35 was
prepared both by hot pressing and solid-state sintering route
at 130020 °C. The surfaces of the ceramic sample were
ground with 3 um abrasive and carcfully cleaned using an
improved procedun:7 to avoid fatigue induced by surface
contamination, and finally electroded with sputtered gold.

The properties studied were the remanant polarization P,
and coercive field E, calculated from the P-E hysteresis
loops obtained using a conventional Sav -;=Tower circuit
and - =corded on a Nicolet 214 digital os.  scope. The fre-
quency of the applied ac field for fatigue siudy is also listed
in Table 1. The shape of the hysteresis loops provides impor-
tant data on the nature of the ferroic behavior.

In order to study the effect of crystal structure and fer-
foic nature on electric fatigue, fatiguc studics were carried
out at temperatures below and above the temperature corre-
sponding to maximum diclectric constant (T,,, listed in
Table I for each composition, which decreases with increas-
ing La content). In most cases, room-temperature studies are
also included.

The surfaces and fractured faces of the fatigued samples
were observed by scanning electron microscope (SEM),

Jiang, Subbarao, and Cross
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fusing an optical microscope, taking advantage of the trans-
?

“parency of the hot-pressed samples. The gold electrodes
*were removed before optical microscopic examination. The
‘growth of the cracks can be deduced by focusing the optical
microscope at different heights of the sample disk.

‘Il RESULTS

A. Compositional dependence
1. Fatigue in PLZT x/65/35 compositions

Fatigue tests were carried out on hot-pressed PLZT
samples with compositions of the same Zr/Ti ratio, x/65/35,

“forx=7, 8, 8.4, and 9.5. The location of each composition is

marked in the phase diagram (Fig. 1). The composition
7/65/35 is in the rhombohedral phase and has stable square

. hysteresis loop; 8/65/35 and 8.4/65/35 are near the morpho-

tropic phase boundary region and have unstable square hys-
teresis loops which are very sensitive to the measuring fre-
quencies at room temperature; 9.5/65/35 is near the mixed
ferroelectric-paraelectric phase region and has a slim hyster-
esis loop at room temperature. The fatigue experiments were
carried out at room temperature for all compositions except
that the composition 9.5/65/35 was studied at ~140 °C be-
cause of the absence of the square hysteresis loop at room
temperature. Figure 3 shows that fatigue did not occur for
7/65/35, but occurred in the other three compositions and
proceeded significantly for 8/65/35 and 8.4/65/35. The P,
and P,, (which is not shown here) decreased and E_ in-
creased with the increase of the switching cycles in the three
fatigued specimens. The variation of E is nearly a mirror
image of that of P, . Figure 4 shows the hysteresis loops for
each composition before and after fatigue tests; it is noted
that the most fatigued two compositions have initial distorted
hysteresis loops.

All the fatigued samples did not recover after thermal
treatment at 300 °C for 2 h; the permanent damage usually
indicates the microcracking mechanism.’ The optical micro-
graphs of the fatigued specimens through transmitted light
after the removal of the gold electrodes are shown in Fig. 5
for the composition 8/65/35. The sample was partially elec-
troded and the center circle was the switched region in Fig.
5(a). A macrocrack was found which started from the edge of
the electrode and extended to the unelectroded region [bot-
tom left-hand corner of Fig. 5(a)], while macrocracks were
not observed inside the switched region. The opaque ring in
Fig. 5(a) observed after fatigue test indicates a microstruc-
ture change, with the center area still remaining transparent
and undamaged. Further observation under higher-
magnification of part of the opaque ring is shown in Figs.
5(b), 5(c), and 5(d) when the picture was focused near the
bottom face of the sample (b), in the middle level (half above
the bottom) (c), and near the top surface (d). Three features
were noticed under the optical microscope: (1) the micro-
craking was completely inside the switched region; (2) the
mode of the microcracking was intergranular; (3) the micro-
cracks started from the electrode edges near the surface and
propagated toward the other face, with the propagation paths
of the cracks being a combination of the horizontal and ver-
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positions x/65/35.

tical directions. A unique character of the microcracking is
noticed in this sample, i.e., in the microcracked region, all
the grains break up to give a sandlike appearance. Since very
few ceramics are transparent, this type of cracking has rarely
been observed in such a direct striking way.

Microcracking was more severe for 8.4/65/35, and
started both from edges and from surface as observed by
scanning electron microscopy (SEM) (Fig. 6). In Fig. 6(a)
macrocracks can be seen on the fractured cross section of the
fatigued sample near the surface; after wiping off part of the
gold electrode on the surface, it is found that some of the
grains were partially pulled out as shown in Fig. 6(b). The
fatigued sample became partially opaque; the opaque regions
were parallel to the surfaces and close to the high voltage
terminal face. After removal of the discolored region (half of
the thickness) by grinding, the sample recovered nearly to its
original state, and Table II lists the changes ofits P, and E..

2. Fatigue in PLZT x/70/30 compositions

PLZT 7.6/70/30 and 7.9/70/30 are close to the phase
boundary between ferroelectric rhombohedral phase and an-
tiferroelectric phase (Fig. 1); their T,, and the ac frequencies
for fatigue tests are listed in Table I. The results of their
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FIG. 4. Hysteresis loop curves recorded during fatigue tests for hot-pressed
PLZT ceramics with compositions x/65/35.

fatigue tests together with that of composition 7/68/32 [Fig.
7(a)] show that fatigue occurred in both compositions and
more severely in composition 7.6/70/30. Figure 7(b) shows
the hysteresis loops for each composition measured at the
beginning and the end of the fatigue tests, where composi-
tion 7.9/70/30 showed double hysteresis loops.

It is noticed that the three compositions (8/65/35, 8.4/65/
35, and 7.6/70/30) which fatigued most severely have similar
hysteresis loops as can be seen in Figs. 4 and 7(b). The same
cracking pattern as occurred in 8.4/65/35 and 8/65/35
samples was - 'so observed by optical microscope in fatigued
7.6/70/30 sz ples (not shown here).

Although the grain sizes of those compositions ranged
from 5 to 7 um, the rates of the fatigue for the severely
fatigued compositions (8.4/65/35, 7 um; 8/65/35, 5 pm; 7.6/
70/30, 7 pm) were obviously higher than that of 7/68/32
composition with 10 um grain size.? Therefore, there is no
doubt about the compositional effect on the fatigue behavior,
and the mechanism of the composition effect will be dis-
cussed later.

3. Fatigue in antiferroelectric ceramics

The lanthanum-doped lead zirconate titanate stannate an-
tiferroelectric ceramic system was studied extensively by
Berlincourt, Krueger, and Jaffe,* among others. The compo-
sition used in our study is Pby 97L80.02(Z5053Ti0.125M0.35)O6
which is in the antiferroelectric tetragonal phase close to the
phase boundary of antiferroelectric tetragonal and ferroelec-

FIG. 5. Microstructure of the fatigued PLZT 8/65/35 sample observed by
optical microscope with transmitted light: (a) show the total fatigucd area
(within circle); (b), (<), and (d) further observation under higher magpnifica-
tion for part of the opaque ring in {a), when the picture was focused ncar the
bottom face of the sample (b), in the middle level (half above the bottom)
{c), and near the top surface (d).

tric rhombohedral phases, and its coercive field is 25 kV/em
at low frequency. The samples were fabricated by conven-
tional sintering method. The average grain size is 6 um and
the sizes of pores range from 1 to 30 um.
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FIG. 6. Fractured cross section of a fatigued PLZT 8.4/65/35 sample ob-
served by SEM: (2) fractured cross section and (b) microstructure changes
of the surface beneath the electrode.

The fatigue study carried out at 600 Hz up to 10° switch-
ing cycles shows that the polarization decreased slowly with
the switching cycles, and the coercive field was stable until
108 switching cycles, then increased slowly with continuous
switching [Fig. 8(a)]. The double hysteresis loops recorded at
10* and 10° switching cycles [Fig. 8(b)] show no significant
changes in the shapes of the loops.

4. Fatigue in triglycine sulfate single crystal

Triglycine sulfate (TGS) single crystal,
(NH,CH,COOH);-H;304, has monoclinic symmetry; its
Curie temperature is 49 °C. Ferroelectricity is found along
the direction of the twofold polar axis, monoclinic b axis
(Jona and Shirane®). TGS is water soluble and undeterio-

TABLE 1. The changes of the polarization and coercive field of the PLZT
8.4/65/35 sample due to fatigue and its recovery.

P, (uClem?) E_ (kV/cm)
After 10 switching cycles 279 3.1
After 10° switching cycles 10.7 4.7
After removal of discolored region 24.7 34
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10

rated surfaces are difficult to obtain during sample prepara-
tion. Thus, the samples used in the present experiments were
prepared by cleavage of the crystal planes which are perpen-
dicular to the b axis, resulting in very clean and undamaged
surfaces. The thicknesses of the samples ranged from 1 to 2
mm.

The fatigue experiment was carried out at a frequency of
900 Hz, using silver paint as electrode. The results show that
fatigue did not occur even after 10° switching cycles [Fig.
9(a)]. The hysteresis loops at 10? and 108 are shown in Fig.
9(b), the coercive field at 900 Hz is 0.35 kV/cm. Stability of
the ferroelectricity under ac field switching in TGS single
crystal could be due to the fact that only 180° domain con-
figuration exists in the crystal; this is further discussed in the
following subsection.
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B. Temperature dependence

1. Fatigue behavior of PLZT ceramics

Compositions of PLZT 7/65/35 (T,,=140 °C) made by
conventional sintering and hot-pressed 9.5/65/35 were stud-
ied for temperature effects. Figure 10(a) shows the results of
fatigue tests for sintered PLZT 7/65/35 at 30, 87, 118, 152,
and 167 °C temperatures, the maximum field and the fre-
quency for all different temperatures were kept constant (11
kV/cm and 400 Hz). The corresponding hysteresis loops re-
corded before and after fatigue tests are shown in Fig. 11(a)
for each temperature except at 167 °C at which the loops
were straight lines and did not change with switching cycles.
In Fig. 10(a), the fatigue rates decrease as temperature in-
creases. It was expected that when temperature is higher than
T,,, the fatigue should stop since above T,, the majority of
the structure is transformed to the paraelectric phase. How-
ever, fatigue still occurred at 152 °C (12 °C higher than T,)
with a much slower rate and finally at 167 °C (27 °C higher
than T,,), fatigue was no longer observed. The P, decreases
with the increase of tempcrature (Table I1N). In Fig. 11(a) the
remanant polarization decreases with increasing temperature
and did not completely disappear until the temperature was
higher than T,, . Constrictive neck (double) hysteresis loops
were not observed as temperature increases which often oc-
cur in the compositions near phase boundaries. The mecha-
nism of fatigue in composition of sintered 7/65/35 is mainly
due to domain pinning by space charges.® How temperature
affects the space-charge pinning will be discussed later.

The composition 9.5/65/35 was chosen to study the low-
temperature behavior because it has lower T,, (55 °C) and
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the square hysteresis loops occurred only at very low tem-
peratures. Fatigue experiments were carried oul at threc tem-
peratures, —140, 25, and 105 °C with the frequencies of 160,
50, and 100 Hz, respectively; the results are shown in Figs.
10(b) and 11(b). It is surprising to find that the fatigue at
—140 °C (with large polarization and squarc loop) procecded
much more slowly than that at 25 °C with slim loop. The P,
and the P, at —140°C werc 37.5 and 27.7 pc/cm’ and
higher than the P, (23 /.LC/sz) at 25 °C; this is diffcrent
from the situation in sintered 7/65/35 composition. When
temperatures were high enough both the samples did not
fatigue any more; although the remanant polarizations ap-
proach zero and hysteresis loops become slim, fatigue still
occurred (as long as temperature is below T,). It can be
concluded from these results that when ferroelectric ceramics
are in paraclectric phase (at a temperature about 30 °C higher
than the T,,), fatigue does not occur either in sintered or hot
pressed PLZT ceramics.

Fatigued 9.5/65/35 samples did not recover after thermal
treatment. Fatigue that occurred in these samples is due to
microcracking since its grain size (7 pm) is larger than the
critical sizz~ *d the observations under optical microscope
with transr: .« light on 9.5/65/35 sample fatigued at 25°C
revealed no. only microcracking but also macrocracking,
which propagated scvercly as shown in Fig. 12(a). In the
9.5/65/35 sample fatigued at —140 °C only some sandlike
grains were observed by optical microscope with transmitted
light [Fig. 12(b)]; the cracking at low temperature was much
Jess severe than that of the sample fatigued at 25 °C. The
diffcrent cracking behaviors will be discussed later.
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2. Fatigue behavior of PMN ceramics

PMN ceramic specimens with average grain size 5 um
were made by conventional sintering method and have a low
T,,, about —15 °C. Fatigue did not occur at 25 °C up to 10°
switching cycles, and at —140 °C the P, and P,, which had
initial values of 32.0 ,u.m/cm2 and 18.4 uC/cm?, started de-
creasing after 10° switching cycles, with the E, almost un-
changed. Figure 13(a) shows the changes of polarization
with switching cycles at 25 and —140 °C. Fatigue in PMN at
low temperature proceeded much more slowly than that in
sintered PLZT sample whose hysteresis loop at room tem-
perature had the same shape as that of PMN at —140 °C.
After 108 switching cycles at —140 °C the polarization only
dropped by 10% of the initial value. When the sample tem-
perature returned to room temperature, the P, measured
again was the same as that measured before the fatigue ex-
periment; thus fatigue at low temperature in PMN did not
cause permanent damage. Fatigue in this case was caused by
domain pinning, and not by microcracking, since it is impos-
sible to heal microcracks at room temperature. In addition,
these samples were sintered by conventional method and had
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FiG. 11. Hysteresis loop curves recorded during fatigue tests (a) at four
temperatures for sintered PLZT 7/65/35 ceramic and (b) at three tempera-
tures for hot-pressed 9.5/65/35 PLZT ceramic.

low density (97%); their fatigue mechanism should be the
same as in sintered PLZT and PZT samples.®

Fatigue experiments were also carried out on hot-pressed
PMN doped with 1% lanthanum at room temperature and
—140 °C. After 10° switching cycles under applied ac field,
the P, and P, did not decrease and E, was unchanged.
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TABLE 111. The maximum polarization of sintered PLZT 7/65/35 ceramic at
diffescnt temperatures.

T (°C) 37 87 118 152 167
P,, (uC/cm?) 28.0 26.0 215 15.0 126

Figure 13(b) shows the Pr as a function of switching cycles
at both 25 and —140 °C. The grain size of hot-pressed PMN
was 2 um and below critical grain size; like the hot-pressed
PLZT 7/68/32 and 7/65/35 ceramic with small grain size,
fatigue did not occur in hot-pressed PMN ceramic with grain
size less than 5 um. It shows once again that high density is
a necessary requirement to avoid the onset of fatigue.

IV. DISCUSSION
A. Compositional effect

The results given in previous sections have clearly re-
vealed that fatigue behavior is sensitive to the composition
and temperature. It is noticed that the compositions of PLZT
with pure rhombohedral phase did not fatigue, while the
compositions located near phase boundaries fatigued; thus,
fatigue behavior could be actually affected by crystal struc-
ture and/or domain structure.

Both the compositions 7/65/35 and 7/68/32 which did
not fatigue belong to rhombohedral phase under applied
field; no phase changes occurred during ac switching pro-
cesses as shown in Figs. 4 and 7(b) exhibiting normal ferro-
electric loops without any distortion. Switching by electric
field takes place more easily in ferroelectric rhombohedral
phase (FEg) than in ferroelectric tetragonal and orthorhom-
bic phases (FEr,FEy), since the E value of FEg composi-
tions of PLZT is about half the E, of FE; compositions of
PLZT.! This indicates that for rhombohedral structure inter-
‘nal stresses are smaller during the switching process than
those for tetragonal and orthorhombic phases. This can be
further proved by BaTiOs single crystal in which the E for
orthorhombic phase at —90(4 °C is 1.45 kV/cm while for
rhombohedral phase of the same crystal at almost same tem-
perature —90,_, °C the E . is 0.9 kV/cm (Jona and Shirane'?).
Stadler'? found that none of BaTiO; crystals tested at
—195°C (rhombohedral phase) suffered any change in
switching charge after 4X 108 cycles and the charge switched
at room temperature (tetragonal phase) dropped to less than
half its original value after 4X 107 cycles. The rhombohedral
crystal structure is derived from cubic structure by shear de-
formation. Since the shear elastic modulus is only half of the
normal elastic modulus, the energy needed for shear defor-
mation is less than for normal deformation, and the internal
stress resulting from the shear deformation should also be
smaller than that due to the normal deformation. The internal
stresses in PLZT ceramics for several compositions with dif-
ferent crystal structures have been studied quantitatively by
Okazaki'® using the microindentation method; he found that
the internal stress in FEg is smaller than that in FEr, and
increases with increasing c/a ratio in tetragonal composi-
tions. From the above discussion it is clear that the ease of
switching by electric field and smaller internal stress in FEg
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is the main rcasons for the absence of clectric latigue and
microcracks in 7/65/35 and 7/68/32 PLZT compositions in
our study. :

PLZT 8/65/35 and 8.4/65/35 and 7.6/70/30, which are
the three compositions exhibiting scvere fatigue, have simi-
lar constricted neck hysteresis loops as can be scen in Figs. 4
and 7(b). All three compositions are located in (2 cubic
matrix region before poling, and change to orthorhombic af-
ter poling,* indicating ficld-induccd phasc transformation at
room temperature, while the 7/65/35 and 7/68/32 composi-
tions sustain their rhombohedral phase structures after pol-
ing. The occurrence of the nccks in the hysteresis loops of
8/65/35, 8.4/65/35, and 7.6/70/30 compositions also indi-
cates the transformation of macrodomain states with ortho-
rhombic symmetry to microdomain states in cubic matrix;
this transformation can be further proved by the mcasure-
ment of the electric-ficld dependence of transmittance of the
PLZT sample at different temperatures (Yin ef al.'"). Their
results showed that when the hysteresis loops have squarc
shapes without necks at low temperature (=10°C), the
maximum transmittance is very low (<6%) in the switching
process; once the nccks occurred (at 7 and 13 °C the maxi-
mum transmiltance can reach above 80% twice in onc
switching cycle, which indicates that the cubic matrix state
can recur in the switching process. Therelore, the structure
changes from cubic matrix with microdomains to orthorhom-
bic macrodomain state twice in one cycle in the sample with
a constricted neck hystercsis loop. The changes of crystal
and domain structure could result in large internal strain fluc-
tuations and internal stresses which cause microcracking and
failure. This may explain the occurrence of severc fatigue in
these three samples.

The hysteresis loops for the composition 7.9/70/30 are
pscudoantiferroclectric type, with very small remanant polar-
ization and rcmanant strain [Fig. 7(b)]. The ficld-forced
phase change returns to the original state before the ficld
drops to zero, and no macrodomains arc left to be switchied
to microdomains by the reversal ficld; this could greatly re-
duce the internal stresses, and result in less fatigue in com-
position 7.9/70/30 than in the other threc compositions dis-
cussed above.

In true antiferroclectric materials (AFE) the switching of
the polarization has a different mechanism; no spontaneous
polarization exists in AFE, and the orientations of the dipoles
are alternately aligned in opposite dircctions. The ficld-
forced ferroelectric phase is stable only under high fickd, and
at low fields FE returns to the AFE statc. Fatiguc in the
antiferroelectric sample (Fig. 8) is much less severe, which is
possibly due to the fact that in the switching process of the
AFE to FE, the polarization direction changes only by
180 °C with conscquent smaller internal stresses than in
switching the spontancous polarization of the ferroclectrics
by 90°. The slow fatigue observed in AFE samples may be
partially contributed by space-charge pinning,x since the
samples were made by conventional sintering method, which
gives rise to voids and porcs.

It is not surprising that fatiguc did not occur in TGS
single crystals, because there arc only 180° domains in this
crystal. In switching process, only some atoms or atom
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FIG. 12. Cracks observed in fatigued hot-pressed 9.5/65/35 ceramics by
optical microscopc with transmitted light: (a) Fatigued at room temperature
and (b) fatigued at —140 °C.

groups of TGS rotate under the applied field, with no change
in the crystal structure; therefore, the internal stresses in-
volved in switching process should be quite small. Further,
defects in high-quality TGS organic crystals are rare; hence
domain pinning occurs only with difficulty.

B. Temperature effect

Since the main mechanism of fatigue in sintered PLZT
7/65/35 is domain and defect pinning by space charges, the
explanation of the temperature dependence of fatigue should
consider both domain states and space-charge mobility at
different temperatures. As temperature increases, the maxi-
mum polarization decreases (Table 11I) and the remanant po-
larization decreases faster [Fig. 11(a)], since fewer domain
walls are available for pinning. At higher temperatures near
T, the samples are highly polarizable under the applied
field, and the domains or defects which have been pinned by
space charges could be depinned by the ac field; Stewart and
Cosentino'® found that fatigued soft PZT sample could be
restored to nearly its original condition by heating the sample
to 150 °C and then applying 60 Hz excitation. The change in
the mobility of the space charge with temperature may have
a much lesser effect on fatigue compared with the changes of
the polarization. So, it can be concluded that the lower fa-
tigue rates at higher temperatures could primarily be contrib-
uted by the decrease of the polarization in PLZT 7/65/35
sintered ceramics.
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FIG. 13. Polarization as a function of the switching cycles for (a) sintered
PMN and (b) hot-pressed 1% La-doped PMN.

The disappearance of fatigue at 167 °C [Fig. 10(a)] can
be easily explained; the sample was almost completely in
paraelectric phase (27 °C higher than T,,), the spontaneous
polarization disappeared and domains no longer existed. A
slow fatigue observed at 152 °C could be due to the fact that
relaxor materials have diffuse phase transformations because
of the coexistence of ferroelectric and paraelectric phases
arising from the inhomogeneous compositional fluctuations,
and the polar regions can exist at temperatures somewhat
above T, (Cross3); in addition, the applied field can force
some of the nonpolar regions into the polar region; under
long-time continuous ac switching some of the polar regions
could be stabilized by space charge or injected carriers, with
a slow decrease of the switchable polarization.

The decrease of the polarization can not explain the tem-
perature dependence of fatigue in hot-pressed 9.5/65/35
samples [Fig. 10(b)], which showed greater fatigue at 25°C
than at —140 °C, since the main fatigue mechanism of hot-
pressed high-density (>99%) PLZT ceramics is microcrack-
ing and differs from that of sintered low-density (92%—97%)
PLZT samples.® The phase relations in x/65/35 PLZT at dif-
ferent temperatures deduced from x-ray, dielectric, and pi-
ezoelectric measurements by O’Bryan® show that the PLZT
9.5/65/35 at 25 °C has a pseudocubic structure and is placed
in the AFE (pseudocubic region), based on the existence ofa
double hysteresis loop. However, a double hysteresis loop
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can also be due to the field-induced ferroelectric phase at
temperatures near 7, or T, as in the case of BaTiO; crystal,
or the field-forced transformation of microdomains fo
macrodomains;'® in addition, the superlattice crystal struc-
ture associated with AFE phase in PbZrO; was not observed
in this phase region.’ Fatigue due to microcracking at 25 °C
could be caused by the nonuniform deformation of mis-
matched grains and concentration of stresses near the elec-
trode edges. Although at this temperature the remanant po-
larization is small and the piezoelectric contribution can be
neglected, the electrostriction is quite large in this composi-
tion (relaxor ceramic) at room temperature. The electrostric-
tive coefficients Q;; and Q,, measured by Meng, Kumar,
and Cross® for PLZT 9.5/65/35 are 21.0X107° and
—9.1x1073 m%C?, respectively. The initial polarization of
the sample used in the fatigue experiment at 25 °C was 23.0
uC/cm? under an applied field of 22 kV/cm, and the longi-
tudinal strain calculated from Q,; and P,, is 11X10™* which
is of the same order as the piezoelectric strains. This high
strain and the large grain size (7 um) resulted in microcrack-
ing. :

At 105 °C, a temperature 50 °C higher than T, of 9.5/
65/35 composition, the sample is in paraelectric phase. As
the polarization is only half of the value at 25 °C, so the
strain is only one-fourth of that at 25 °C; in addition, the
local microstructure stresses which exist below T due to the
phase transformation from cubic to ferroelectric phase are
released. Hence, the microcracking (fatigue) did not occur at
this high temperature.

The occurrence of fatigue at low temperature (—140 °C)
is more complicated [Fig. 10(b)]; both the P, and P, are
quite high and the field-induced strain could be larger than
that at room temperature. The different structures at 25 and
—140 °C may explain this fatigue behavior. At —140 °C, the
sample should be in the ferroelectric thombohedral phase
which has smaller internal stresses than other ferroelectric
phases. The square hysteresis loops without necks [Fig.
11(b)] indicate that the crystal structure was stable at low
temperature under an applied field. Therefore, the field ap-
plied to the sample at low temperature mainly caused the
switching of the spontaneous polarization and did not cause a
change of the crystal structure, while it is known’ that at
room temperature the applied field could induce the transfor-
mation of nonpolar regions to polar states and produce un-
stable lattice distortions, resulting in microstructure stresses
which enhance microcracking and increase the rate of fa-
tigue. The slow fatigue at low temperature may also be re-
lated to the change in the mechanical strength of the sample;
since the lattices contract with the decrease of temperature,
producing compressive internal stresses in the sample, the
fracture strength could be higher at low temperatures. The
occurrence of slow fatigue could be attributed to the large
grain size which results in microcracking.

Fatigue behavior in PMN ceramic system is similar to
that in PLZT ceramics. The conventionally sintered samples
with a grain size of 5 um showed fatigue at low temperature
(—140 °C) with a rather slow rate. The cause of the fatigue is
believed to be domain and defect pinning since after the
sample was reheated to room temperature (40 °C higher than
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T,), the initial state was recovered without permanent dam-
age. The slower fatigue ratc in the PMN sample than in
sintered PLZT 7/65/35 could arise from three rcasons: (1)
The density of the sintered PMN ceramic is higher than that
of sintered PLZT 7/65/35 ceramic; less pores and delccts are
available to provide space charges;® (2) PMN is a stoichio-
metric compound, and has fewer intrinsic defects (which can
be pinned by space charge or injected carricrs) and cleaner
grain boundaries; (3) the mobility of the space charge may be
less at low temperature.

Hot-pressed PMN (1% La) did not fatigue at low tem-
perature, which is attributed to its high density and small
grain sizc. At room temperature, fatigue did not occur in both
the PMN samples because both were in paraelectric phase.

V. CONCLUSIONS

Evidence has been presented to establish the relationship
between fatigue behavior and composition in the PLZT sys-
tem. In the x/65/35 compositions, fatigue increased from nil
at x=7 through x=9.5, 8 to most severe for x=8.4. The two
compositions (x=8.4 and 8) with severe fatiguc rates had
exhibited constricted hysteresis loops before the fatigue ex-
periment. The fatigue rate of 7.6/70/30 PLZT composition
was greater than that of 7.9/70/30. On the other hand, anti-
ferroelectric (modified PLZT) composition as well as single-
crystal triglycine sulfate (TGS) did not show any significant
fatigue effect, which is attributed to the fact that polarization
changes under applicd ac field involve only 180° domain
switching in these cases.

Temperature was also found to influence the fatigue rates
of these materials. At temperatures higher than T, or T, (by
30-50 °C), no fatigue effects were obscrved and this was
attributed to the absence of domains and spontancous polar-
ization in the paraelectric state. At other temperatures, the
fatigue rate depends upon the ease of domain switches, and
associated strains.

Both the compositional and temperature dependence of
fatigue behavior translate into the influence of the crystal
symmetry and ferroic state of the material under the action of
applied ac field for long periods. Among the ferroelectric
phases, the thombohedral symmetry, with its small internal
stress associated with the shear distortion of the cubic fattice,
has the least fatigue rate compared to that of the ferroelec-
trics with tetragonal and orthorhombic symmetries. Antifer-
roelectric materials and ferroelectric TGS crystal exhibit
little or no fatigue effect, since polarization changes only by
180° in these materials with no accompanying strain. On the
other hand, the samples close to the phase boundaries (dueto
composition, temperature, or electric field) undergo most se-
vere fatigue behavior and this is attributed to easy polariza-
tion changes and consequent large lattice distortions. Electric
fatigue can be due to cither domain pinning by space charges
or injected charge carriers or intergranular microcracking re-
sulting from incompatible stresses between grains. The
former is recoverable by thermal and clectrical treatment,
while the latter (microcracking) is a permanent damage.

The conclusions drawn from the present study provide
guidelines for enhancing the long-term reliability of devices
based on ferroic ceramics.

Jiang, Subbarao, and Cross
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Acoustic emission study of phase relations in
low-Y,03 portion of ZrO,-Y,0; system

V. SRIKANTH, E. C. SUBBARAO*
Materials Research Laboratory, The Pennsylvania State University, University Park,
PA 16802, USA

The (metastable) tetragonal phase in 3-4 mol % Y,0,;-Zr0, alloys undergoes a transition to
the monoclinic form in the 200-300 °C temperature range. Microcracking due to the volume
change at this transition has been detected in these compositions by sharp acoustic emission
during heating. The phase change was confirmed by X-ray diffraction, dilatometry and
scanning electron microscopy. The monoclinic = tetragonal transition in ZrQ,-1 mol % Y,0;,
alloy at 850-750°C and the same phase change in 2, 3, 4 and 6 mol% Y,0, compositions at
the eutectoid temperature of about 560 °C was also clearly signalled by the acoustic emission
counts during heating and cooling. There was no significant acoustic emission activity on
heating and cooling the 9 and 12 mol % Y,05 compositions, which are cubic. The acoustic
emission data thus confirm the phase relations in the 1-12 mol % Y,0, region, established by
conventional methods such as differential thermal analysis, dilatometry and X-ray diffraction.

1. Introduction

Since the discovery of high [racture toughness in
zirconia alloys containing a metastable tetrugonal
phasc by Garvie et al. [1], there has been intense study
of the parameters governing this property. Toughened
zirconia finds many applications, e.g. as extrusion dies.
The presence of the metastable tetragonal phase which
transforms to the monoclinic form is the key factor for
the toughening process. Toughened zirconia alloys
with small amounts of Y,0, arc among the prime
candidates as toughened ceramics duc to the relative
casc of retaining the tetragonal phase at room temper-
ature [2-4). The amount of the tetragonal phase
retained was found to depend on density [3], critical
grain size [3, 4] (which in turn depends upon Y,0,
content), the temperature from which the sample is
cooled [2] and the rate of cooling. For example,
higher density, smaller than critical grain size, heating
in the tetragonal phase ficld and rapid cooling rate
favour the retention of the tetragonal phase. Both
thermodynamic and kinetic factors were discussed in
connection with transformation toughening [5]. The
decrcase in fracture toughness of partially stabilized
zirconia anncaled at > 1000 °C has been attributed to
coarsening of tetragonal grains beyond the critical size
[6-8]. On the other hand, anncaling at low temper-
atures (200-300"C) was also found to drastically
decrease the strength and fracture toughness of
zirconta-yttria - alloys [9-26]). The amount of
monoclinic phase was observed 1o increase rapidly
when annealed in the 150-200°C region and decrease
sharply when anncaled above 300-400°C. Thus a
maximum amount of the monoclinic phase is detected

‘are shown

by anncaling around 250 4 50°C. The exact
anncaling temperature for maximum monoclinic
phase depends upon the initial sintering temperature
[2, 10-18], the amount of Y,0, [10-18, 21-24], the
presence of moisture [19-24, 27, 28], time [10-23], the
gaseous environment [29] and grain size [2, 10-18,
28]. The conversion of the tetragonal phase into the
monoclinic form starts at the surface and proceeds
to the interior [2, 10-18, 21-23, 29, 30]. Various
additives [10-18, 25, 26, 29, 30], e.g. Al,O, and CeO,,
to prevent or inhibit this phase
transformation, presumably due to the presence of
sccond-phase particles at the grain boundaries
providing a constraint. Alternately, surface modi-
fication methods have also been suggested [31, 32)].
The phase composition (m, t, ¢} in all these studies was
established by X-ray diffraction intensities [33, 34].
Since the monoclinic phase has a larger volume than
the tetragonal phase, the t — m transformation causes
microcracks, [9-18, 21-23, 26, 30] which are detected
by scanning clectron microscopy [3, 10-18].
Microcracking in ceramics due to phase changes
(e.g. ferroelectric PbTiO; [35], superconducting
YBa,Cu,0,_, [36]) or anisotropic axial thermal ex-
pansion (c.g. Ca, _Sr,P,O,, [37], Al,TiO, [38, 39])
can be easily detected by acoustic emission technigues.
The t-m phase transformation in pure zirconia was
studied by the acoustic emission method as a sintered
sample and loose powder were cooled [40]. One of the
objectives of the present work is to detect the micro-
cracking accompanying the t — m transition during
low-temperature annealing by the acoustic emission
method as samples are heated in the 100-450 °C range.

* Permanent address: Tata Research Development and Design Centre, 1 Mangadas Road, Pune 411 050, India.

0022-2461 @) 1994 Chapman & Hall

3363




2500 T T T
2000~ ' -
€ 1500}~ -
(1]
| 1
g
Q
Q
E 1000 t+c ]
-
2
X
7
m C
500 | -
|
m+c |
i
1 1 |
% 4 8 10 12
Y;Oa (mol %)

Figure 1 Low-yttria portion of the ZrO,-Y,0, phase diagram
(4. 41, 42].

The phase diagram for the system ZrQ,-Y,0, has
been extensively investigated and an exhaustive review
is presented by Yoshimura [41]. In the low-Y,0,
region, a number of investigations were carricd out
[42-45] and a generally agreed phasc cquilibrium
diagram, proposed by Srivastava et al. [42], is shown
in Fig. I. At room temperature, once has monoclinic
solid solution, m,, + ¢, and ¢, with incrcasing Y,0,
content. The { = m transition of ZrO, is lowered from
1170"C 10 a cutectoid temperature at about 565 C at
a composition of about 3.5 to 4.0 mol% Y,0,. These
phasc rclations are established by conventional
methods employving differential  thermal analysis.
quenching, and X-ray dilfraction. The fact that the
tetragonal phase can be retained metastably at room
temperaturc under certain circumstances has already
been mentioned, but is not shown in Fig. 1. Onec of
the objectives of the present work is to detect the
phasc transitions in ZrO,-Y,0, compositions with
1-12 mol% Y ,0, during heating (up to 1000 C) and
cooling by acoustic emission methods. and to sub-
stantiate the results obtained by dilatometry, X-ray
diffraction and scanning clectron microscopy.

Thus, acoustic emission mcthods are employed in
the present work to detect (i) microcracking during
low-temperature ageing ‘uc to the t-m transition in
ZrO, alloys with 3-4mol% Y,0, and (ii) phasc
transitions during heating and cooling of 1-12 mol%
Y,0, compositions.

2. Experimental procedure

Zirconia and yttria with the characteristics given in
Table I werc mixed in appropriatc amounts to make
1,2,3.4,6,9 and 12 mol% Y,0, compositions in a
ball mill in polycthylene containers using cthyl alcohol
as wetting agent and 1/2 in. (13 mm) diameter zirconia
balls as grinding medium. The slurry was dried in an
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TABLE 1 Charactenstics of zrcoma and vitria powders used

Zircomium oxude?

L.Od at 650 C 048"
ZrO, + HO,*» 99.7¢,
Si0, 0.03%,
e, < 00184,
Nu,O < 002",
CaQ) < 002",
l 002",
S0, Q.00
Surface arca (BT Method) Ym iy !

Particle size (Sedigraphy S0% > 0.5 jum

Yttrium oxide

fu < S0 p.pm
Gd < SUp.pm
Tm < S0 ppm
Yb < S ppm.
Iir < 50 p.pm.
Tb < S0 p.p.m
Dy < S0 ppa
Sm < 50 p.pan.
Ho < 50 p.p.m.
Nd < 100 p.pan.
Si < 100 ppam.
Fe < 10 ppm.
Mg < 100 ppm.
Ca < 100 ppan,
Al < O ppm.
Particle size AT

* Typical average vitlues from chemcal wmalysis.
P~ 2 3% IO,

air oven at 80°C for 24 h. The dried powders were
calcined at 1500°C. Later the calcined powder was
pressed into pellets and pellets were sintered  at
1700° C for 4 h. The heating and cooling rates were
10 Cmin™' X-ray dillraction study was carried out
on powders using CuK, radiation at 2 20 min~ ! scan-
ning speed. The phase identification was based prim-
arily on the (111} and (11 1h reflections at
d = 0318 and 0280 nm for the monoclimic, (111)
at d = 0296 nm for the tetragonal and (111 at
d = 0.295 nm for the cubic phasce.

For dilatometric mcasurements  sintered  pellets
were cut into 25 mm x 5§ mm x 5 mm. The saumples and
the two opposite faces of the specimen were polished
flat and parallel. The heating rate was 10 Cmin !
and the cooling rate 2 Cmin™ ' in dilatometric runs
(Harrop Industrics model TD-7161 Most of the meas-
urcments involved heating 1o 1000 C and cooling o
ncar room lemperature. Some sumples were cyveled
between room temperature and 1000 C and room
temperature and 450 C to observe the transformation
behaviour in detail.

For the acoustic emission study a sintered sample
about 3 mm x 5Smm x 20 mm was altached with a
high-temperature cement to a 30 em long alumina rod
which served as a waveguide. The other end of the
alumina rod was joined to a transducer using a water-
soluble ultrasonic couplant. The sample was placed
inside a tube furnace and a Chromel Alumel thermo-
couple positioned ncar the sample monntored  the
temperature. The furpace temperature was increased
at 10 C min~ " up to a temperature ranging from 450




10900 C. The maximum temperature was maintained
for 10 min, followed by cooling at 10 Cmin~!' to
500 Cand at 2 Cmin™ ! 10 100 C. The transducer
employed had a centre frequency of 500 kHz (in a
range of 300 to 700 kHz). The electrical signal output
from the transducer was amplified. filtered and pro-
cessed through a train of mstrumentation consisting of
an amplifier. diseriminator, totalizer and rate-meter
modules to obtain data for total AE counts and the
count ritte (counts per 5°C). The discriminator trig-
gered a pulse whenever the amplifier output exceeded
a certain adjustable threshold. The details of the sys-
tem used here are described clsewhere [36, 37].

The fractured surfaces of as-sintered samples and
after the dilatometric runs were obscrved on an 1S1 60
scanning clectron microscope.

3. Results and discussion

Two main aspects are presented here: (i) the meta-
stable t - m phase transition at about 250"C and
(ii) phase relations in the ZrQ, -Y,0, system [rom | to
12 mol% Y,0,. In both cascs the discussion is based
on data from X-ray difTraction, dilatometry and
acoustic emission, supplemented in some cases by
scanning electron micrographs. Of these, acoustic
emission is a novel technigue to be employed for the
study of phasc relations in the ZrO,- Y ,0, system.

3.1. Metastable tetragonal — monoclinic
phase transition

The X-ray diffraction patterns of sintered samples
with 3, 4 and 6 mol% Y,0, are shown in Fig. 2. The
monoclinic phase decreases as the cubic phase content
increases with increasing Y,0, content. The relative
amount of the metastable tetragonal phase is large in
3 and 4 mol% Y,0, compositions and is essentially

absent in the 6 mol% Y,O0, composition, in agree-
ment with earlier reports. The thermal expansion
behaviour of 3 and 4 mol% Y,0, samples was deter-
mincd by dilatometry up to 1000 °C in repeated cycles
of heating and cooling. The data for ZrO,-3 mol %
Y,0, are shown in Fig. 3 for two cycles of heating up
to 10007°C. During the first heating, there is an abrupt
large expansion at about 250 “C. lollowed by very little
expansion between 300 and 500 °C, beyond which
there is a large contraction at about 550 “C and finally
normal expansion beyond 600 C. During cooling of
this sample, the usual contraction down to about
400" C is followed by a sudden large expansion, finally
displaying a small contraction at temperatures below
200" C. During the second cycle of heating there is a
small expansion up to about 500°C, then a sudden
contraction, followed by the usual gradual expansion.
Thus, during the second heating, the behaviour is
similar to that in the first heating except for the
absence of the sudden expansion at about 250"C. The
bechaviour during cooling is nearly identical in the two
cycles.

Similar data for a ZrO,-4 mol% Y,0, sample for
three cycles of heating to 1000°C and cooling arc
shown in Fig. 4. The behaviour of this sample is
cssentially the same as that of the 3 mol% Y,0,
sample and the data for the second and third cycles of
heating and cooling reproduce well. These results are
interpreted in terms of the presence of some amount of
metastable tetragonal phase in these samples, which
transforms to the (stable) monoclinic phase at about
250-C accompanied by a large cxpansion. The con-
traction at about 550" C on heating and expansion at
about 400°C on cooling represent the m -t —»m
transformations.

In order to gain further insight into this metastable
t - m transformation at about 250“C, the 4 mol%
Y,0, sample was studied up to 450°C (with no
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Figure 2 Portion of the X-ray diffraction patierns of (a) 1, (b) 2, (¢) 3, () 4, (¢} 6, (N 9 and (g) 12 mol% Y,0,-Zr0, sintered compositions.
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sample during two cycles of heating to 1000°C and cooling {centre).
The corresponding acoustic emission data (total counts and counts
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holding time at the peak temperat:te) in two con-
secutive heating and cooling cyc: = (Fig. 5). The
sample expands in the temperature :. - ge 250-350 'C,
as noted before. On cooling from =.:"C, no dimen-
sional anomalics are observed. Apparcntly, the
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metastable tetragonal phase converts only partially
into the monoclinic phase during the first heating up
to 450 "C at the fast heating rate (10°C min~!) em-
ployed with no holding time at peak temperature. As a
result, further transformation into the monoclinic
phase takes place during the second heating cycle. It
has been reported that annealing for about 20 h at
200 C is necessary to obtain maximum conversion o
the monoclinic phase in the 3 and 4 mol% Y,0,
samples. [10-18]. The present results are substanti-
ated by the decrcase of the X-ray diflraction intensity
of the tetragonal reflection a1 0.2965 nm of this sample
after the first dilatometric experiment up 1o 450" C,
and its disappearance after the dilatometric experi-
ment up to 1000 C (Fig. 6). compared to that in the
as-sintered condition. The X-ray diffraction intensity
of the monoclinic phase increases relative to the
tetragonal phase in the order: as-sintered, heated to
450 C, and heated to 1000 'C. This clearly indicates
that the monoclinic phase arises from conversion of
the tetragonal phase and not from the cubic phase, in
agreement with the results of Sato and Shimada [10].

These results are fully consistent with carlier reports
[9-26] on the ageing or degradation of ZrO, samples
with 3-4 mol% Y,0; in the 200-400 C temperature
range due to conversion of the metastable tetragonal
phasc into the monoclinic form. The accompanying
dimensional change is reported to cause microcrack-
ing [9-18, 21-23, 26, 30], which in turn results in a
strength decrease. The presence of microcracks is

plausible but is not casy to detect by microscopic
techniques, though some indication of microcracks
has been reported 3, 10-18]. In the present work. the
acoustic emission method was employed for the detee-
tion of microcracks us these two samples were heated
and cooled. The data {total counts and counts for §° C
intervals) for the 3 mol% Y, 0, sample heated to and
cooled from 1000 ‘'C for two cycles are included in
Fig. 3. The prominent acoustic emission activityin the
200-350C region detected during the first heating
(Fig. 3a) is absent during the second heating (Fig. 3¢).
confirming that when the metastable { » m trans-
formation is present extensive microcracking takes
place duc to the associated sudden dimensional
change. The absence of similar activity in this temper-
ature range during cooling (Fig. 3b and d) is consistent
with this explanation.

Further confirmation of microcracking due to vol-
ume change associated with the metastable t - m
phase change is obtained from acoustic emission data
on heating the 3 mol% Y,0, sample to 400“C in two
consecutive heating-cooling cycles (Fig. 7). Clearly
there is a sudden, intense microcracking taking place
around 250°C during heating (Fig. 7a and ¢) which is
absent during cooling (Fig. 7b and d). Further, the
acoustic emission activity is less intense during the
second heating to 400"C (Fig. 7c) compared to that in
the first cycle of heating (Fig. 7a), suggesting that
much more of the metastable tetragonal phase present
transforms to the monoclinic phase during the first
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Figure 6 Portion of the X-ray diffruction patterns of ZrQ,-4 mol% Y,0,; sample (a) as sintered and after dilatometric runs up to (b) 450 C

and (¢) 1000° C,
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Figure 9 Scanning electron micrographs of Zr0,-4 mol% Y,0,
sample (a} as sintered and after dilatometric runs up to (b) 450°C
and (c) 1000°C.

cycle compared to the transformation of the smaller
amount of the remaining metastable tetragonal phase
during the second cycle of heating.

Similar data on two cycles of heating the 4 mol%
Y,0; sample to 400°C are shown in Fig. 5a and ¢
together with the corresponding dilatometric data
(Fig. 5b), which indicate that the temperature of max-
imum acoustic emission activity coincides with the

temperature of the start of the sudden dimensional
expansion. As in the case of the 3 mol% Y,0; sample,
there was also no significant acoustic emission activity
during cooling of the 4 mol% Y,0, sample (not
shown). The acoustic emission results on heating a
4mol% Y,0, sample to 1000°C for the first time
show intense acoustic emission activity at about
250 “C (Fig. 8a) and no significant acoustic emission
counts at 250 “C during the second heating (Fig. 8b)as
well as during the cooling cycles (Fig. 8¢ and d). Thus
the acoustic emission data from several experiments
on 3 and 4 mol% Y,0, samples arc similar.

Scanning electron micrographs of the Zr0,-4
mol% Y,0, sample after dilatometric measurement
up to 450°C show extensive intergranular micro-
cracking (Fig. 9b) which is absent in the same sample
in the as-sintered condition (Fig. 9a). The sample after
a dilatometric experiment up to 1000 “C shows much
less microcracking (Fig. 9¢) than after cooling from
450"C, suggesting that considerable healing of the
microcracks generated on heating to low temperatures
( < 450°C) has taken place by heating to and cooling
from 1000°C. The volume expansion accompanying
the t > m phase change during cooling possibly con-
tributes (o the crack healing process.

3.2. Phase relations in the low-Y,0, portion
of the Zr0,-Y,0, system

The phase diagram of the low-Y,0, portion of the
Zr0O,-Y,0, system, duc to Srivastava et al. [42], is
shown in Fig. 1, which is in agreement with other
published phase diagrams [41, 43-45] except for the
fact that the metastable tetragonal phase observed in
a limited range of compositions is not shown here,
In the present study, ZrO, compositions with
1-12mol% Y,0, were studied via X-ray diffraction,
dilatometry and acoustic emission on heating and
cooling. The X-ray diffraction data, shown in Fig. 2,
were used to estimate the relative amounts of the
monoclinic, (metastable) tetragonal and cubic phases
(Table 11). The sample with [ mol% Y,0; shows
essentially monoclinic ZrO, solid solution. The
amount of the monoclinic phase decreases gradually
with increasing Y,0, content till only a small amount
of it is present in the 6 mol% Y,0;, and it is com-
pletely absent in the 9 and 12 mol% Y,0, samples.
The cubic phasc increases with Y,O0; content such
that 9 and 12 mol% Y,0, compositions show purc
cubic phase. As discussed carlier, 2, 3 and 4 mol%
Y,O; samples show some amount of metastable te-
tragonal phase in the as-sintered condition. The aver-
age grain size (1.5-2.0 pm) of these samples is above
the reported critical grain size for the tetragonal phase
[4] and therefore partial conversion to monoclinic
phase has taken place, resulting in a mixture of m, t
and c phases (Table I1).

The thermal expansion behaviour of 1 and 2 mol%
Y,0, samples is depicted in Fig. 10 and of 6, 9 and
12mol% Y,0; samples in Fig. 11. Similar data for 3
and 4 mol% Y,0; are alrcady given in Figs 3 and 4.

The sintered samples of all these compositions were
examined by acoustic emission during heating and

3369




TABLE 11 Properties of sintered ZrQ,~Y 0, compaosilions

Y,0, 2 of cubic phase  Density (gem” 3 Grain size (pm)  Phase composition {%s) AL data { €)
(mol %) (o-*Cc
m { & m—l t—m
1 5.213 2.1 95 5 - 846 710
2 5.198 1.9%8 70 15 15 600 565
3 12.5 5.192 1.875 RX] 42 25 565 565
4 10.7 5.094 1.51 24 43 33 565 565
6 11.68 5.112 13 - 87 565 565
9 12.1 5.189 - - 100
12 11.98 5012 - - 100
T T T '
@ 2r

2- -4
0 i

1 1 I 1
i L

|
N

1 1

(b)

0 -
-1} T

o

Expansion (%)

-2 1 1 L 1
0 200 500 750 1000 1200

Temperature (°C)

Figure 10 Thermal expansion behaviour of (a) 1 and (b} 2mol%
Y,0; compositions.

6 mol % Y203

3
§ ol
g y
& 0-F
a 12 mol % Y;0;
w ok —
9 mol % Y,0,
-1 1 1 1 i
0 250 500 750 1000 1250
Temperature (°C)

Figure 11 Thermal expansion behaviour of 6.9, and 12 mol% Y ,0,
compusitions. The zero point of the expansion plot has been oflset
for the three samples.

cooling. The temperaturcs corresponding to the m —
and t — m phasc transitions from the acoustic emis-
sion data for the compositions with 1-6 mol% Y,0,
arc summarized in Table 1. These transition temper-
atures are in reasonable agrecement with Fig. 1. The
acoustic emission data for 1 mol% Y,0, shows in-
tense acoustic emission activity at 835-840"C on
heating (Fig. 12a) and occurs at 708 °C and bclow on

500 40 2000 40 3000 120
30 15001
£ o £ O £2000] 80 $
3 ] | ) 2 ] @ 3 2
g 250 20 2 8 1000 20 2 8 £
o c — c - =)
™ =1 [v] 2 [} b
8 2 S 1000 40 3
8 Lo & 2 500 8§ ¢ 8
— |
0- 0 04 v 0 0- 0
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000
(a) Temperature (°C) (©) Temperature °C) (e} Temperature ("C)
5000 300 20000 400 30000 1200
300 .
2 200 0 2 2 £ 20000 o
[72d -
8 25001 2 3 10000 oc ¢ 8 600 g
| 1003 E Ll £ 10000- 3
2 o Q2 1 -
0- +0 0 v v ; 0 0- {0
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000
(b) Temperature ('C) (d) Temperature ('C) (h  Temperature °C)

Figure 12 Acoustic emission data of 1, 2 and 6 mol% Y,0, samples (a. ¢, ¢) during heating to 900 C and (b, d, ) cooling. respectively: ()

total counts, () counts per 5 °C.
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cooling (Fig. 12b), which appears to correspond to
m — t and t — m transitions, respectively (Table 11). In
the case of 2 (Fig. 12c and d), 3, 4 (Figs 3 and 7) and
6 mol% Y,0,; (Fig. 12¢ and f), intense acoustic emis-
sion activity starts at 570 £ 5°C on hecating and
cooling (Table 11). Interestingly, this temperature coin-
cides with the eutectoid temperature reported by
Srivastava er al. [42]. No significant acoustic emission
activity was observed on heating and cooling of sam-
ples with 9 and 12 mol% Y,0,, and this is consistent
with the fact that they are purely cubic phases under-
going no phase changes.

The acoustic emission data thus are in agreement
with the phase relationships in this system established
by quenching, X-ray diffraction and other conven-
tional methods.

4. Conclusions

The acoustic emission technique is shown to be a
sensitive tool to determine phasc transitions and
microcracking in ZrO,-Y,0, ceramics. Using this
method, the microcracking resulting from the volume
change at the metastable tetragonal transition at
about 250°C in ZrO, alloys with 3 and 4 mol% Y,0,
has been clearly established. The onset of acoustic
emission activity at the m — t and t — m transitions
and at the eutectoid transformation at about 565°C
confirms the established phase relations in the low-
Y,0, portion of the ZrO,-Y,0, system. The acoustic
emission results arc corroborated by dilatometry,
X-ray diffraction and scanning electron microscopy.
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Impurity Doping Effect on Photostriction
in PLZT Ceramics

SHENG-YUAN CHU. ZHOU YE AND KENJI UCHINO
International Center for Actuators and Transducers, Materials Research Laboratory, The Pennsylvania State
University, University Park. PA 16802

Abstract. Photostriction is the superposition of a photovoltaic and piezoelectric effects. In this study, photostric-
tive effects in the perovskite (Pb, La) (Zr, Ti)O3 were investigated as a function of B-site impurity doping. Donor
doping was found to reduce both the grain size and room-temperature dielectric constant, influencing photovoltaic
response. WO3 and Taz0s doping increase the photovoltaic response. but do not significantly affect the piezo-
electric effect in this material. Maximum photostriction is obtained for samples with 0.4 at% WO3 doped or 1
at% Taz0s doped PLZT

Keywords: doping effect, photostriction effect, photovoltaic effect, PLZT

Introduction

The photovoltaic effect is observed in certain ferroelectrics, wherein a constant electromo-
tive force is induced with application of near-ultraviolet radiation [1]-[3]. This effect was
explained by Fridkin et al. in 1974 [4], by Glass et al. [2] and by Brody et al. [5], and
probably originated from an excitation of electrons from asymmetric impurity potentials.
The main features of the bulk photovoltaic effect are summarized as follows:

1) This effect appears in poled uniform single crystals or ceramics with noncentrosym-
metry and is entirely different in nature from the P-N junction effect observed in
semiconductors.

2) Constant photo-current and -voltage are generated in the spontaneous polarization di-
rection under uniform illumination in the ferroelectric phase and disappears in the
paraelectric phase.

3) The magnitude of the induced voltage is proportional to crystal length in the polarization
direction and is much greater than the band gap energy of the crystal.

The expected photostriction effects as a superimposed phenomenon of photovoltaic and
piezoelectric effects have been reported in our previous papers [6, 7], and potential appli-
cations in photo-driven remote control devices have been proposed [8, 9]. For practical
applications, larger strain and quicker response are desired, and materials development and
device design are focused on these objectives. One of the authors has firstly pointed out that
the PLZT exhibits superior photostrictive effect, and effects of impurity doping in PLZT
has also been investigated preliminarily [7].

In this paper, the photostriction effect in PLZT (3/52/48) ceramics is investigated in detail
as a function of impurity doping. The effect of doping on grain size and room-temperature
dielectric constant are also examined, because the grain size affects the photovoitaic effect
(6], and the photovoltage may change with the dielectric constant for the constant photo-

induced charge.

»
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Figure 1. SEM photomicrographs of thermally-etched samples of (a) PLZT, (b) PLZT- " ; and (¢) PLZT-Ta20s.
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Sample preparation

PLZT (x/y/z) samples were prepared in accordance with the following composition
formula:

Pbl_yLa—y(Zrl_xTix)l_‘z_Og.

PLZT (3/52/48) was selected due to its optimum photostriction (zph = daz Epn) within the
PLZT system [6].

The ceramic powder was prepared by a conventional mixed oxide technique. PbCO3,
La, 03, ZrO,, TiO, and dopant were weighed in the appropriate proportions and mixed in a
ball mill for 2 days using ethanol and zirconia grinding media. 0.5 wt% excess PbCO3 was
added to compensate for weight loss during calcination and sintering. The slurry was dried,
then calcined in a closed crucible at 950°C for 10 hrs. The calcined powder was ball-milled
again for 48 hrs. The samples were sintered in sealed alumina crucibles at 1270°C/ 2 hrs.
A PbO rich atmosphere was maintained with lead zirconate powder to minimize lead loss
during sintering. An x-ray diffractometer did not monitor any secondary phases other than
the perovskite structure. Sintered samples were electroded with silver paste. Finally, each
sample was cut and poled in silicone oil at 120°C under a 15 kV/cm electric field.
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Figure 2. Dielectric constant and loss vs. temperature for PLZT-WOj3 (0.4 at%).
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Figure 6. Photocurrent measured as a function of applied voltage for a 0.4% WOj3 doped PLZT sample. Light

intensity is 4 mW/cm?.
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Figure 7. Photovoltaic current, voltage and potential power as a function of dopant concentration in WO3
doped PLZT.

SEM observation

Figures 1(a), 1(b) and 1(c) show the thermally etched PLZT, PLZT-WO3 and PLZT-Tay05
scanning electron microscope (SEM) photomicrographs, respectively. Pure PLZT has the
largest grain size; however, it is difficult to determine grain size differences between WO3
doped and Ta;Os doped samples with different concentration. No additional phase was
observed around the grain boundaries.

Dielectric measurements

Samples for dielectric measurements were polished using SiC powders to about 10 mm in
diameter and 1 mm in thickness and electroded with sputtered platinum (Pt). Figure 2 shows
dielectric constant and loss tan § behavior as functions of temperature and frequency for
0.4 at% WOj3 doped PLZ7 Figure 3(a) shows the change in room-temperature dielectric
constant (at 10 kHz) with dopant concentration for WO3 (0-1.0 at%), and Figure 3(b)
shows the dielectric constant maximum temperature, which almost coincides with the Curie
temperature (T;), as a function of WO; doping. Conscquently, the diclectric constant is
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Figure 8. Photovoltaic current, voltage and potential power as a function of dopant concentration of Ta;0s
doped PLZT.

minimum at 0.4 atm% WO3 doping. From Figure 3, it is evident that WOj increases T
and 0.4 at% WOj3 doping shows the maximum Curie temperature.

Figures 4(a) and 4(b) show the changes in the room-temperature dielectric constant
(10 kHz) and Curie temperature with Ta;0s doping, respectively. In the case of TaOs
doping, the maximum Curie temperature and the minimum dielectric constant are obtained
at 1.0 at% Ta5Os.

We can conclude that a slight donor doping reduces the grain size and shifts the Curie tem-

perature to the higher temperature, as reported by T. Yamamoto et al. [10]. The correlation
of these data with the photostriction will be discussed later.

Photovoltaic effect measurements

PLZT (3/52/48) doped with various concentrations of WO3 and Ta;Os were used for this
study. Sample size for this measurement was 20 x 4 x 0.15 mm®: the 4 x 0.15 mm?
surface was electroded with silver paste and silver wires were attached. The configuration
of the sample is shown in Figure 5. Radiation from a high-pressure mercury lamp (Ushio
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Figure 9. Piezoelectric coefficient (d33) as a function of WO3 doping.

Electric USH-500D) was passed through a UV bandpass filter (Oriel Co., No. 59811), an
IR blocking filter (Oriel Co., No. 59060), and a fused quartz optical focusing lens. The
light was almost monochromated to 370 mm, and the intensity was 4 mW/cm?. Slight
temperature increase about 10°C was observed on the sample.

The photovoltaic voltage reaches 1 kV/mm, and the current is on the order of nA. The in-
duced current was measured with a high-input-impedance (200 TS2) electrometer (Keithley
617) as a function of the external voltage over a range —100 V to + 100 V. The photovoltaic
voltage and the current are defined as the maximum open-circuit voltage and short-circuit
current, respectively [7]. Upon exposure to UV radiation, a weak pyroelectric current was
initially observed, even with the IR blocking filter, and a steady-state photovoltaic cur-
rent was achieved after several seconds. Measurements were made after the crystals had
thermally equilibrated with the radiation to avoid contribution from the pyroelectric effect.
The photovoltaic voltage and the current were determined from the intercepts of the hori-
zontal and the vertical axes, respectively. A typical curve is shown in Figure 6 for PLZT

doped with 0.4 at% WOs3.
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Figure 10. Induced displacement as a function of applied electric field for 0.4% WO3 doped PLZT. (¢ = 0.45 mm).

Figures 7 and 8 show the photovoltaic current, photovoltaic voltage and stored energy
(P = (1/2)I max xV max) in PLZT doped with WO3 and with Ta;Os, respectively.
Photovoltaic current and voltage show a peak at 0.4 at% for the WO3 samples, while
photovoltaic current and photovoltage show a peak at 1.5 at% and 1 at% for the Ta;0s
samples, respectively. It was found that higher photovoltaic current and potential power
can be obtained in WO3; doped samples, while the higher photovoltage can be obtained in
Tay 05 doped samples. Notice that the strain magnitude increases as the photovoitaic voltage
increases; and with increasing photo-current, there is an increase in the overall response.

Field-induced strain measurements

Since photostriction z, is defined in terms of the photovoltaic voltage Eph and the piezo-
electric coefficient d33 as

Tph = d33Eph, (1)

it is increased by increasing the photovoltaic voltage and/or the piezoelectric coefficient.
Samples for induced strain measurements were of the same configurations as for dielectric
measurements, except they are electroded with sputtered silver (Ag) and poled in silicone
oil at 120°C under a 20 kV/cm electric field. After poling, d33 measurements were made
using a Berlincourt d33 meter (Channel Products, Inc.) at 100 Hz. ‘The measured ds3
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Figure 12. Bimorph deflection of device for 0.4% WO3 doped PLZT device.

values were about the same for all samples (330 x 10~12 m/V) as seen in Figure 9 for
WO3-doped samples.

The field-induced displacement was also measured (see Figure 10). The average d33 con-
stant obtained from the slope is 350 x 10~'2 m/V, in good agreement with the Berlincourt
meter data.

In spite of impurity doping, the value of the piezoelectric coefficient remains con-
stant, indicating that photostriction is proportional to the photovoltaic voltage for these
compositions.

Photostrictive effect measurements

A bimorph design consisting of two oppositely-poled ceramic plates (5 mm x 20 mm X
0.15 mm in size) was used for photostrictive-effect measurements. The configuration of
the samples is shown in Figure 11(a). The displacement at the tip of this photostrictive bi-
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morph was measured with a noncontact position sensor (Kaman Instrumentation Systems.
SDP-2810.). The setup for photostrictive effect measurements is shown in Figure 11(b).
The photostrictive effect in 0.4% WO3 doped PLZT is shown in Figure 12. The displace-
ment reached 50 um in several seconds and saturated at 120 um under a light intensity of
4 mW/cm?. Figures 13(a) and 13(b) show the light-induced tip displacement as functions
of WO3 or Ta;O5 doping, respectively.

Conclusion

Donor doping was found to reduce the grain size and increase the Curie temperature.
leading to the larger crystal distortion and the larger photo-current. The dielectric constant
decrease enhances the larger photo-voltage. On the other hand, slight doping with WO3 or
Ta,O5 does not contribute to the piezoelectric effect, consequently, photostriction is mainly
governed by the photovoltaic effect. The maximum photocurrent is obtained for 0.4 at%
WO3; doping and the maximum photovoltage is obtained for 1 at% Ta>Os doping.

The tip displacement of a 20 mm long photostrictive bimorph can reach more than 100
pm in a couple of seconds, a great improvement over pure PLZT, and will be applicable to
photo-acoustic devices.
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Abstract. The bulk photovoltaic effect in non-centrosymmetric crystals is caused
by asymmetnc generation, recombination or scattering of excited non-equilibrium
electronic carriers. in this paper, photovoitaic effects in (Pb,La)(Zr.Ti)O,-based
ceramics have been investigated using linearty poiarnized hight. Anguiar
dependence of the photovolitaic voitage and current on the polanzation direction of
the light was observed in doped (Pb.La)(Zr,Ti)O, ceramics. A phenomenological
model was proposed to fit the expenmental resuits from which the photovoltaic

coefficients were caiculated.

1. Introduction

The photovoltaic effect is observed in certain ferro-
electrics. wherein a constant electromotive force is in-
duced with application of near-ultraviolet radiation [1-
3). This effect was explained by Fridkin er al in 1974
[4], by Glass er al [2] and by Brody and Growne (5], and
probably originated from an excitation of electrons from
asymmetric impurity potentials. The main features of
the bulk photovoltaic effect are summarized as follows:

(1) This effect appears in poied uniform single
crystals or ceramics with non-centrosymmetry and is
entirely different in nature from the P-N junction effect
observed in semiconductors.

(2) Constant photocurrent and photovoitage are
generated in the spontancous polarization direction under
uniform illumination in the ferroelectric phase and
disappear in the para-electric phase.

(3) The magnitude of the induced voltage s
proportional to the crystal length in the polarization
direction and is much greater than the band-gap energy
of the crystal. '

So far. most studies have been made on single
crystals to clarify the origin of the effect. However.
our research group has been focusing on polycrystalline
samples such as PbTiOs-based [6.7] and Pb(Zr.Ti)O:-
based ceramics [8,9) from a practical application point
of view. We have developed a high photovoltage
(~ 1 kV mm~') generator with relatively quick
response (= | s) in the (Pb,La)(Zr.Ti)O: (PLZT) system.
Moreover. by superimposing the photovoltaic effect
on the nherent piezoelectricity of these compounds.
pracucal photostricuve materials have been realized

0964-1726/94/020114+04$19.50 (€ 1994 IOP Publishing Ltd

{10,11]. A bimorph-type photostrictive clement can
exhibit a several-hundreds-z2m tip deflection under violet
light illumination. This acwator is applicable to remote-
control devices such as photo-driven relays [10] and
micro walking robots [12].

In this paper, the bulk photovoltaic effect in bulk
PLZT (3/52/48) ceramics has been investigated by
illuminating with linearly polarized light, and the angular
dependence of the photovoltaic voltage and current
on the polarized-light direction has been determined.
This measurement is important particuiarly when the
photostrictor is utilized as a photoacoustic device in
conjunction with optical polarizers.

2. Sample preparation

PLZT (x/y/z) samples were prepared in accordance with
the following composition formuia:

Pbl -_\'La_\' (Zrl-x-nx)l-y/lof‘-

Since the photostriction figure of merit is evaluated
by the product of the photovoltaic voltage and the
piczoelectric coefficient (xpn = day x Epn) PLZT (3/52/48)
was selected due to its optimum photostrictive response
within the PLZT system ([9].

The ceramic powder was prepared by a conventional
mixed-oxide technique. PbCO;, La;0;3, ZrO,, TiO, and
dopant were weighed in the appropriate proportions and
mixed in a ball mill for 2 days using ethanol and zirconia
grinding media. 0.5 wt.% excess PbCO: was added
to compensate for weight loss during calcination and
sintering. The slurry was dried. then calcined in a closed
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Figure 1. Sample configuration for photovoltaic-effect
measurements.
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Figure 2. Experimental set-up for photovoltaic-effect
measurements.

crucible at 950°C for 10 h. The calcined powder was
ball-milled again for 48 h. The samples were sintered
in sealed alumina crucibles at 1270°C/2 h. A PbO-rich
atmosphere was maintained with lead zirconate powder
to minimize lead loss during sintering. Sintered samples
were electroded with silver paste. Finally, each sampie
was cut and poled in silicone oil at 120°C under a 15 kV
cm™! electric field.

3. Photovoltaic effect measurements

PLZT (3/52/48) doped with various concentrations of
WO, and Ta;Os was used for this study. The sample
size was 20 x 4 x 0.15 mm’: the 4 x 0.15 mm? surface
was clectroded with silver paste and silver wires were
attached. The configuration of the sample is shown in
figure 1. Radiation from a high-pressure mercury lamp
(Ushio Electric USH-500D) was passed through a UV
bandpass filter (Oriel Co., No.59811), an IR blocking
filter (Orel Co.. N0.59060). and an optical focusing
lens. The experimental set-up is shown in figure 2. A
wavelength peak around 370 nm. where the maximum
photovoltaic effect of PLZT is obtained. was applied to
the sampie.

The photovoltaic voltage reaches | kV mm~'.
and the current is of the order of nA. The ind::.ed
current was measured with a high-input-impe arce
(200 TQ) electrometer (Keithley 617) as a fusiction
of the external voltage over a range —100 V to
+100 V. The photovoltaic voltage and the current are
defined as the maximum open-circuit voltage and short-
circuit current respectively {10). Upon exposurc 0
UV radiation, a weak pyroelectric current was initially
observed even with the IR blocking filter, and a stcady-
state photoelectric current was achicved after several

/

photocurrent = 97 nA
Mvon.; -7l.3 :V/cm

1
’i 4 100 -50 50 100
2.34kV volmge
(v)

Figure 3. Photocurrent measured as a function of applied
voitage for a 0.4% WO,-doped puzr sample.

N
E@»JM‘ >

Figure 4. Experimental set-up for light-polarization-
dependence measurements.

seconds. Measurements were made after the crystals
had thermally equilibrated with the radiation to avoid
any contribution from the pyroeicctric effect. The
photovoitaic voltage and the current were determined
from the intercepts of the horizontal and the vertical
axes, respectively. A typical curve is shown in figure 3
for PLZT doped with 0.4 at.% WOs.

4. Angular dependence of the photovoltaic
voltage and current

A polarizer was put between the focusing lens and
the sample to monitor the angular dependence of
the photovoltaic effect under lincarly polarized light,
as shown in figure 4. The angle 6 was measured
with respect to = origin of the remnant polarization
direction. Figure ~ shows the experimental dependence
of the photovoi. - current J and the corresponding
voltage V on the iight-polarization direction. Both the
photovoltage and photocurrent provide the maximum
values at @ = 0, 180°, and the minimum at § = 90°.
It was observed that the photocurrent and photovoltage
deviations with respect to the chan:s of light-
polarization direction are 2% and 14% :sspectively,
for the WO;-doped samples, regardless ¢ ‘ne absolute
values of current and voltage. This :s the first
observation of angular dependence of th- photovoltaic
effect in ceramic samples. although this dependence was
reported for single-crystal samples {13.14].

The photovoltaic current density J; can be described
by the third-rank tensor a;j [15] as

J; =a¢,-.E,E;. (1)
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Figure 5. Dependence of the nommalized photovoitaic current and photovoitage on
the direction of the light-polarization plane and the light for vanous WO,-doped pLzr
samples. (2) 0.4%, (b) 0.5%, (c) 0.6%, and (d) 1%. Solid curves are the theoretically

fitted curves.

Table 1. a3 and ayy coefficients of WO, and Ta,Os doped puzr.

WO, at.% Ta,05 at.%
0.4 0.5 0.6 1 1 1.25 1.5 1.75
an (19“) 12.487 6.844 6.31 4.49 4.2 4.23 6.57 5.83
i:\?l‘_qlg) 12.787 7.3 6.46 4.55 4.46 4.46 6.955 6.05
S:An)’:m ) 1024 1.042 1.024 1013 1.062 1.054 1.059 1.038

When a2 homogeneous ferro- or piezoelectric crystal
is illuminated uniformly with linearly polarized light, a
photovoltaic current J; arises in it. The sign and the
magnitude of the current depend on the onentation of
the light-polarization vector with projections E, and E,,
£} is the conjugate vector of E;.

Having the electrodes opened. the photovoltaic
current J; gives nise to the photovoltage

Vi = Jl/(0g + op) (2)

where 0y and o are the dark conductivity and
photoconductivity, respectively, and ! is the distance
between the electrodes. The value of V, exceeds the
energy gap of the ferro- or piezoelectric crystal by
several orders of magnitude. (i.e. V > E;) [1].

From the non-zero a;, for poled ceramics (Curie
Group ocm) the expression for J. (the direction of
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linearly polarized light propagation is shown in figure 5)
is obtained from equation (1):

. = aynl + (a33 — a3)] cos* @ 3)

where / is the incident light intensity and E, E}/sin’ 6 =
E:\E;/cos” 6 = I (refer to figure 1). The experimental
dcpchdcncc J.(8) is in good agreement with equation
(3). The solid curves in figure 5 are calculated from
equation (3). The values of a3 and @iy are tabulated
in table 1. Values of a3 and a3y are of the order of
107°. and a3; is larger than as;. It is also noteworthy
that systematic changes of aa; and a3 vaiues are found
with changes in dopant concentration. However. a1 /a3
remains essentially constant. and a.1/ay; is somewhat
smatiler in WOs-doped than in Ta,0s-doped samples.




In order 1o determine the photovoliaic coctficient
values tk,,, = (l/a")a, ). the absorption coerticient
{a®) measurements are required.

5. Summary

The angular dependence of the photovoltaic current
and the corresponding voltage on the light-polarization
orientation with respect to the spontaneous polarization
has been successfully observed in ceramic samples
of PLZT. This angular dependence of the photovoitaic
current is consistent with the symmetrv of the
poled ceramic. The difference between the peak-
peak deviations in the cumrent (2%) and vollage
(14%) suggests a relatively large dependence of
photoconductivity on light-polarization onentauon.
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Bulk Photovoltaic Effect for the Linearly Polarized Light
in Pb(Zn,/3Nby/3)O0;3 Single Crystals
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The bulk photovoltaic effect in non-centrosymmetric crystals is caused by asymmetric generation. recombina-
tion or scattering of excited nonequilibrium electronic carriers. In this paper. the photovoltaic effect has been in-
vestigated in relaxor ferroelectric Pb(Zn,.3Nbe13)Oq single crystals using linearly polarized light. Angular depend-
ence of photovoltaic voltage and current on the polarization direction of light was observed in the crystal. A
phenomenological model was proposed to fit the experimental results from which the photovoltaic coefficients

jos]

were calculated.

KEYWORDS: bulk photovoltaic effect, Pb{Zn,,3Nb;,3)0,, relaxor, microdomain, photovoltaic coefficient

1. Introduction

The photovoltaic effect is observed in certain ferroe-
lectrics. wherein a constant electromotive force is in-
duced with application of near-ultraviolet radiation.'
This effect was explained by Fridkin et al. in 1974.”
Glass et al.? and Brody and Growne.” and probably
originated from an excitation of electrons from asym-
metric impurity potentials. The main features of the
bulk photovoltaic effect are summarized below.

1) This effect appears in poled uniform single crystals
or ceramics with noncentro-symmetry and is
entirely different in nature from the P-N junction
effect observed in semiconductors.

2) Constant photocurrent and -voltage are generated
in the spontaneous polarization direction under
uniform illumination in the ferroelectric phase and
disappear in the paraelectric phase.

3) The magnitude of the induced voltage is proportion-
al to the crystal length in the polarization direction
and is much greater than the bandgap energy of the
crystal.

Most of the studies have been made so far on normal
ferroelectric single crystals with linearly polarized
light, and significant angular dependence of the photo-
voltaic voltage and current on the polarization direc-
tion of the light with respect to the spontaneous polari-
zation direction of the sample crystal has been
reported."

In this paper, the photovoltaic effect has been investi-
gated in relaxor ferroelectric Pb(Zn1sNby;)O; single
crystals, where microdomains may have an effect on
the photovoltaic phenomenon. Pb(Zn,;sNbys)Os is a
well-known relaxor ferroelectric with a Curie tempera-
ture around 140°C, and a peculiar domain reversal
mechanism which was also reported by us.”

2. Sample Preparation

The raw oxide powders PhO. ZnO and Nh,O, were
mixed in stoichiometric proportions. The ratio of flux,
PbO, to composition used was 2:1. The powder was
licated in a sealed platinum crucible to 1200°C. and
cooled to 800°C at a rate of 2°C/h. Then they were
cooled to room temperature. The crystals were

removed from the flux by soaking in hot 25 vol% nitric
acid.

Then, the Pb{Zn.sNbys;)O; single crystal was cut
into a (111) plate. Sample size for this measurement
was 1.55%0.72%0.56 mm®: the 1.55%0.72 mm® sur-
face was electroded with silver paste. The crystal orien-
tation of perovskite (111> was taken for the applied
electrical field direction. Before photovoltaic-effect
measurements. the sample was poled in silicone oil at
110°C under an electric field of 15 kV/em for 10 min.
The configuration of the sample is shown in Fig. 1.

3. Photovoltaic Effect Measurements

The experimental setup is shown in Fig. 2. Light
from a high-pressure mercury lamp (Ushio Electric
USH-500D) was passed through a UV band-pass filter
(Oriel Co., No. 59811). an IR blocking filter (Oriel Co.,
No. 59060), and an optical focusing lens. A wavelength
peak around 370 nm was then applied to the sample on
the 1.55 X 0.56 mm® face.

For the unpoled Ph(Zn,sNba3)O; crystal. the current
was on the order of 107'* A and the photovoltaic volt-
age was about 100 V/em. However. after poling, the
photocurrent and voltage increased to the order of
107" A and 1 kV/cm. Upon exposure to UV radiation, a
weak pyroelectric current was initially observed even
with the IR blocking filter. and a steady-state photoe-
lectric current was achieved after 10 s. Figure 3 shows
the transient response of current. The induced current
was measured with a high-input-impedance (200 T$2)

<111> orientation

Illumination

Fig. 1. Sample configuration for the photovoltaic-effect measure-
ment.
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Fig. 2. Experimental setup for the photovoltaic-effect measure-
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Fig. 3. Transient response of the current in a Pb(Zn,;3Nbys)0s
single-crystal sample.

electrometer (Keithley 617) as a function of the
external voltage over the range —100V to +100V.
Measurements were made after the crystals reached
thermal equilibrium with the radiation to avoid contri-
bution from the pyroelectric effect. The photovoltaic
voltage and the current are defined as the maximum
open-circuit voltage and short-circuit current. respec-
tively,” and were determined from the intercepts of the
horizontal and vertical axes. respectively. A typical
curve is shown in Fig. 4.

4. Angular Dependence of Photovoltaic Voltage
and Current '

A polarizer was placed between the focusing lens and
the sample to monitor the angular dependence of the
photovoltaic effect under linearly polarized light, as
shown in Fig. 5. The angle § was measured with
respect to the origin of the remanent polarization direc-
tion. Figure 6 shows the experimental dependence of
the photovoltaic current J and the corresponding volt-
age V on the light polarization direction under the il-
lumination intensity of 1 mW/cm?® for A=366 nm. Both
the photovoltage and photocurrent provide the maxi-
mum values at #=0 and 180°, and the minimum at
§=90°. It was observed that the photocurrent and
photovoltage deviations with respect to the change of
light polarization direction are 16% and 11%, respec-
tively, for the Pb(ZnysNb,3)O;s single-crystal samples,
regardless of the absolute values of current and volt-
age.

To our knowledge, this is the first observation of an

5.-Y. CHU et ai.

current (nA) photocurrent =0.25 nA
photovoltage = | kV/cm
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Fig. 4. Photocurrent measured as a function of applied voltage fo
a Pb{(Zn,;Nb,;3)0; single crystal.
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sample Polarizer Leas lamp

Fig. 5. Experimental setup for light-polarization-dependence mea
surements.

Current deviation (%)
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oanc‘onwoa;nmuom
Rotation angle (8)

Fig. 6. Dependence of the normalized photovoltaic current and
photovoltage on the direction of the light polarization plane with
respect to the spontaneous polarization direction for a
Pb{Zn,;sNb,j; )0, singie crystal. Solid lines are the theoretically fit-
ted curves. (O: photocurrent, *: photovoitage) Light power=
0.152+0.001 mW.

angular dependence of the photovoltaic effect ina relax-
or ferroelectri” single crystal. although this depen-
dence was rer :ed for other normal ferroelectric sin-
gle crystals.®* Compared with normal ferroelectrics
such as LiNbO;"" and SbSL.'" the deviations in the
photocurrent and voltage are relatively small, in a
comparable magnitude of the polycrystalline samples
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reported in our previous paper.'” This may be at-
tributed to the microdomain configuration in the relax-
or Pb(znl/ngg/a)Ox.

When a homogeneous ferro- or piezoelectric crystal
is illuminated uniformly with linearly polarized light, a
photovoltaic current J, arises from it. The photovoltaic
current density J, can be described by the third-rank

tensor a,;'* as

Ji=axE,E . (1)

The sign and the magnitude of the current depend on
the orientation of the light polarization vector with
projections E; and E..

With the electrodes open, the photovoltaic current J,
gives rise to the photovoltage

Vi=Jil/(oa+om), (2)

where o4 and o are the dark and photoconductivity,
respectively, and [ is the distance between the elec-
trodes. The value of V, exceeds the energy gap of the
ferro- or piezoelectric crystal by several orders of mag-
nitude (i.e., V>>E,)."

From nonzero a;ux’s for Pb{Zn,;3;Nbys)Os single crys-
tals (Point Group 3m). the expression for J. (the direc-
tion of linearly polarized light propagation is shown in
Fig. 5) is obtained from eq. (1):

J.=anl+{aszs—an)l cos? § (3)

where I is the incident light intensity. The experimen-
tal dependence J.(@) is in good agreement with eq. (3).
The solid lines in Fig. 6 are calculated from eq. (3).
Values of a3 and aj; are then calculated as 2.1 x 1077
A/W and 3.2 x10"7 A/W, respectively.

In order to determine the photovoltaic coefficient
values (ki =(1/a*)ai;), the absorption coefficient (a*)
measurements are required.

5. Conclusions

The angular dependence of the photovoltaic current
and the corresponding voltage on the light polarization

S.-Y. CHU et al.

orientation with respect to the spontaneous polariza-
tion has been successfully observed in relaxor ferroelec-
tric Pb(Zn,3Nb2;3)O; single crystals. This angular de-
pendence of the photovoltaic current is consistent with
the symmetry of the poled single cryvstal. The differ-
ence between the peak-to-peak deviations in the cur-
rent (16% ) and voltage (11% ) is relatively small in com-
parison with the case of normal ferroelectrics. This
may be attributed to the microdomnain configuration in
the relaxor Pb(Zn,;Nby:)0;.
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LOW TEMPERATURE DYNAMIC OBSERVATION OF RELAXOR
FERROELECTRIC DOMAINS IN LEAD ZINC NIOBATE

Maureen L. Mulvihill* ¢, L. Eric Cross* and Kenji Uchino*
International Center for Actuators and Transducers (ICAT)
Materials Research Laboratory
The Pennsylvania State University
University Park, Pennsylvania 16802

ABSTRACT

Domain reorientation was examined in lead zinc niobate-lead titanate solid solution single
crystals because of its contribution to electrically controlled change of shape and change of
response in piezoelectric transducers and actuators. High resolution optical techniques were used
to explore the build up of macro polar domains from micro polar regions in relaxor compositions.
Domains changed from ambiguous spindle-like to sharp domains as PbTiO3 content increased.
The domain walls in the Pb(Zn1/3Nb2/3)O3-rich samples moved with a wave-like motion. The
motion froze-in below -130°C or -30°C for field biased or non-biased samples respectively. The
domains were observed as functions of temperature from 300°C to -185°C and electric field.

KEYWORDS: domains, relaxor ferroelectric, lead zinc niobate, actuators, piezoelectrics

INTRODUCTION

In the past ferroelectric domains have been observed statically by many methods, such as
acid etching! and transmission electron microscopy (TEM)2. However, it has been very difficult
to observe domain motion dynamically. In this study a high resolution optical technique was used
to explore the build up of macro polar domains from micro polar regions in relaxor compositions,

Pb(Zn1/3Nby/3)03 - PbTi03, as functions of temperature and applied electric field. It is important
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to study domain reorientation mechanisms because of their contributions to the electrically
controlled change of shape and change of response in piezoelectric transducers and actuators.

Lead zinc niobate based single crystals were studied because of their wide use as high
permittivity dielectrics in capacitor industries. Pb(Zn1/3Nb2/3)03 (PZN) has a diffuse phase
transition near 140°C.34 It has a complex perovskite structure (thombohedral symmetry) in which
the Zn2* and Nb5+ are in a disordered arrangement on the B-sites. The variations in the local
composition, due to the disordered B-site ion arrangement, cause the phase transition to vary
locally; therefore, a Curie region occurs rather than a Curie point. PbTiO3 (PT) has a sharp
transition at 490°C and a simple tetragonal perovskite structure. In PT, a Curie point occurs
because there is no variation in local composition. (1-x)Pb(Zn1/3Nb2/3)03 - xPbTiO3 (PZN-PT)
form a complete solid solution up to x = 0.2. PZN-PT has a room temperature morphotropic

phase boundary (MPB) of x = 0.1 at 25°C between the rhombohedral and tetragonal phases as

illustrated in Figure 1.5

EXPERIMENTAL PROCEDURE
Single crystals of PZN-PT were grown using the flux method with excess PbO.6 The
Laué X-Ray Technique was used to precisely determine the <011> and <111> directions. The

crystals were then sliced parallel to the [011] plane, as shown in Figure 2. They were polished to a

thickness of 100 um and until a near-scratch free surface was achieved on both sides. The samples
were gold sputtered leaving a 400 pm gap on the surface. Silver leads were attached to the sample
with air dry silver paste. The samples were heat-treated to a temperature above 300°C to anneal out
the ferroelastic domains produced during polishing. By annealing out the ferroelastic domains, the
single crystals divided back into small micro domains.” Therefore, the growth of micro to macro

domains could be observed.

Samples with 100 and 90.5 percent PZN (thombohedral symmetry) were observed in this
study as a function of temperature under cyclic applied electric field parallel to the <111> axis. The

<111> direction is the polarization axis for crystals with rhombohedral symmetry.




A high resolution CCD (Charged Coupled Device) camera was attached to a Nikon
Transmission Petrographic Microscope which was connected to a monitor and VCR (illustrated in
Figure 3). The polarizing light microscope was used to observe the domains because of
birefringence between the domains. It also allows possible magnifications up to 1300 times on the
monitor. The temperature sample stage (Linkam Inc.) in conjunction with the deep focal point of
the objective lenses allowed an electric field to be safely applied across the sample. The sample
stage had the ability to cycle the temperature between 600 to -185°C with or without an electric
field. The static and dynamic motion of the domains were instantaneously recorded by the VCR
and observed on the monitor. The VCR records up to 30 frames per second.

EXPERIMENTAL RESULTS AND DISCUSSION

The variation of domain shape can be observed between rhombohedral domains (100
percent PZN) and a combination of thombohedral and tetragonal domains (0.905PZN-0.095PT).
The rhombohedral domains appear ambiguous spindle-like, whereas the tetragonal domains appear
sharp stripe-like. These observations shown in Figures 4 through 7 are in good agreement with
the previous work.8:9 A 10 um scale is indicated on each of the figures. For Figures 5 and 7, the
electric field was applied from right to left as illustrated in Figure 2a along the <111>. For Figure
6 the electric field was applied also along the <111>, but in the figure it was from top to bottom, as
illustrated in Figure 2b.

Domain Change with Temperature

Figures 4a through 4e show a series of domain change pictures taken from a 0.905/0.095
PZN-PT single crystal. The temperature was decreased from -8.4 to -27.4°C without applying an
electric field. This sample proved that domain motion occurs even at low temperatures without
being biased. A domain wall moved from the upper right corner (Figure 4a at -8.4°C) to lower left
corner (Figure 4e at -27°C). More spindle-like domains developed at -20°C (Figure 4c) then

combined to form a larger domain at lower temperatures, -27°C. For this composition, the domain

motion froze-in near -30°C.




Domain Change with Electric Field

Figure 5 is a 100% PZN single crystal at a constant temperature of 28°C. Total domain
reversal occurred after one cycle of an AC field with a maximum field of 5 kV/cm at 0.05 Hz. For
crystals with rhombohedral symmetry, there exists domains with 71, 109 and 180 degree
orientations between each other. Figure 5 represents a sample as the electric field switched the
domains to another preferred domain orientation. Therefore, the domain walls returned to their
original orientation after 1 cycle. The domains in the figures were saturated because the AC field
up to 5 kV/cm was applied for several hours. It is very interesting that even at a very high electric
field the domains did not go to a complete single domain state, but maintained a narrow stripe-like
pattern with nearly constant width. This is a rather different phenomenon from the normal
ferroelectric’s case such as BaTiO3. Note that the domain orientation returned to approximately the
same position, shown in Figures 5a and 5d. This domain wall motion was closely related to the
Pb(Mg1/3Nbys3)O3 single crystal domains seen by Bokov and Myl'nikova.3
Domain Change with Applied Electric Field while Changing Temperature

The sample in Figure 6 is a 100% PZN single crystal in which the temperature was raised
from -114 to -38°C with an AC applied field with a maximum of 7.5 kV/cm. Below -130°C, the
domain motion was frozen; however, as {emperature increased the domains began to move slowly.
The domain motion appeared to nucleate in island regions on the crystal surface (illustrated in
Figure 6a). As the temperature increased these regions grew, the domains switched across the
entire crystal as shown in Figure 6d (-54°C). The switching speed increased as the temperature
increased. The dramatic changes in the domain motion as a function of temperature can be seen in
the center of Figures 6a through 6e. A slight temperature hysteresis also occurred between heating
and cooling. The domain motion on cooling stopped at -130°C, but on heating began at -125°C.

Figure 7 is an example of a MPB composition 0.905/0.095 PZN-PT single crystal as
temperature decreased from 191°C (paraelectric state) to -1 19°C (ferroelectric state). An AC-field
of 10 kV/cm at 0.05 Hz was simultaneously applied. The domains (illustrated by birefringence

changes) of the sample at 191°C (Figure 7a) were still changing even though it was above the Curie




Range for this sample. The large polar fluctuations in the paraelectric phase above the Curie Range
permitted the alternating field to force a phase change from a paraelectric state with large mobile
micropolar regions to a ferroelectric state in which a domain structure becomes apparent.? As the
temperature decreased more spindle-like domains formed. Near room temperature the domain
motion was more complicated because of the rhombohedral/tetragonal phase coexisting. The
domain orientation had fourteen possible directions rather than eight or six for rhombohedral or
tetragonal symmetry, respectively. It is notable that the domain shape also gradually changed
because of the symmetry changes caused by the addition of PT. The shape transformed from
ambiguous spindle-like domains to sharp domains as the PT increased. In this sample the domain

motion freezing was observed also near -130°C.

SUMMARY
Domains in PZN-PT changed from small ambiguous spindle-like to sharp stripe-like
domains as i’bTiO3 content increased. This difference may be partially due to the crystallographic
structure change from rhombohedral to the tetragonal phase. The domain walls moved with a
wave-like motion in pure PZN while keeping a narrow stripe-like domain pattern. The MPB
composition of 0.905/0.095 PZN-PT has a more complicated domain wall motion than the other
compositions since they can have both tetragonal and rhombohedral domains. The successive
phase transitions from rhombohedral/tetragonal and tetragonal/cubic were also observed as the
temperature increased. Domain motion freezing was successfully observed by microscopy. The
freeze-in temperature for pure PZN was -130°C or -30°C for field-biased or non-biased samples,
respectively. Quantitative analyses on the domain switching speed and the frozen island size will
be reported in following papers.
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ELECTROOPTIC CERAMICS AND THEIR DISPLAY APPLICATIONS

Kenji UCHINO
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University Park, PA 16802, USA

Relaxor ferroelectrics are remarked in non-linear optic applications because an extraordinarily large
apparent “electrooptic Kerr effect* can be observed even in the so-called paraelectric state. This paper
describes the fundamental electrooptic properties of perovskite-type polycrystalline and single crystals,
Pb(Zn1/3Nba/3)03, (Pb,La)(Zr,Ti)O3 and Pb{Mg1/3Nb2/3)03-PbTiOg, firstly. Then, a new type of two-
dimensional light valve array for an image projector is introduced. A light shutter array with 10x10 pixels
was fabricated by a sophisticated tape casting technique. Plate-through and separate electrodes are
stacked alternately so as to make vertical addressing by an external electrode connecting separate
electrodes and horizontal addressing by a plate-through electrode. The applicative feasibility to a high
definition image projector was verified.

1. INTRODUCTION
The electrooptic effect, which is the refractive indices change with an extemnal applied electric field, will

provide very promising useful devices such as light vaives, deflectors, displays etc. in the next optical
communication age, in conjunction with solid state laser chips and optical fibers. Compared with liquid
crystal devices, the ceramic electrooptic components, in general, possess advantages in response speed
(usec), particularly in falling time, durability for strong light illumination and contrast ratio (102) /gray scaie (16
scales). On the other hand, the present ceramic components require relatively high drive voitage (1 kV) and
production cost ($ 100). Therefore, the deveiopment of a simple mass-production process and designing
of electrode configurations with a narrow gap, as well as the improvement of material properties, will be the
key factors to the actual commercialization of the ceramic optical components.
Let us review the principle of a light shutter utilizing the second-order electrooptic effect (Kerr effect),

initially. The birefringence An is induced in a crystal when an electric field E is applied:

an=-(1/2) Rn3 E2, (1)
where R ( = R11 - R12) is the quadratic electrooptic coefficient and n is the original refractive index of the
crystal. When this sample is placed between crossed polarizers arranged at the 45 direction with respect to
the E direction, and light is transmitted transversely to the E field (Fig. 1), the output light intensity is
represented by

I=lgAsin2{(Rn3L/22)E?, @
where lg is the incident light intensity, A an equipment constant, L the optical path length (i. e. the sample
thickness), and A is the wavelength of the light. The voltage required for the first intensity maximum is an

essential device parameter and called the half-wavelength voltage.




This paper describes the fundamental electrooptic propertiesof relaxor terroelectrics, firstly, searching
the possibility of new electrooptic materials. Then, the experimental data are given in detail on the
Pb(Mg1/3Nb2/3)03-PbTiO3 system. Finally, a new type of two-dimensional light valve array for an image
projector is introdued, which can be mass-produced by a sophisticated tape casting technique. The drive
voltage has been remarkably reduced, and FET's can be used directly for operation. This device will be a

good candidate for the future high definition image projector.

2. CERAMIC ELECTROOPTIC MATERIALS

2.1. Pb(Zn1/3Nb2/3)03
Relaxor ferroeiectrics are remarked in non-linear optic applications because an extraordinarily large

apparent “electrooptic Kerr effect” can be observed even in the so-called paraelectric state. Figure 2 shows
the birefringence An versus electric field E relation of a Pb(Zn1/3Nb2/3)03 single crystal in the paraelectric
phase.1) The single crystal sample was made by a flux method using excess PbO. The parabolic curve in
the low field region tends to approach a straight line in the high field region.

A possible phenomenological analysis of this peculiar phenomenon is based on the model that the
crystal is composed of the ferroelectric and paraelectric phases mixed together.” Suppose that the volume
fraction of the paraelectric phase x(T) is given by the accumulated Gaussian distribution with respect to
temperature, the birefringence An is estimated by the summation of linear and quadratic electrooptic
eftects:2)

An=[1 - x(N] n3(ra3 - r13) E22 + x(T) n3Raq E2/2, 3
where n is the refractive index, and r and R represent electrooptic Pockels and Kerr coefficients,
respectively. Even if the experimental data can be explained phenomenologically, the actual situation may
not be so simple as this model: x(T) should be also a function of electric field E.

Another more realistic explanation is found in a microscopic domain rev
Pb(Zn1/3Nb2/3)03 exhibiis very small spindle-like domains ( 5 pm) with ambiguous bo
perpendicularly to the external electric field. When the field above 0.5 kvV/mm is applied, the ambiguous

curve domain walls  oves simultaneously in a certain size region, so that each micro-domain should change
period of the dark

ersal mechanism.
undaries arranged

synchronously like perative phenomena (See Fig. 3).3) it is noteworthy that the stripe

and bright doma. ‘corresponding to up and down polarizations) will not be changed by the domain

reversal, and that each domain area changes under an AC external field with zero net polarization at zero

field. The relaxor crystal can be electrically-poled easily when an electric field is applied around the transition

temperature, and depoled completely without any remanent polarization. This can explain large *apparent®

secondary non-linear effects in physical properties such as electrostrictive and electrooptic Kerr

phenomena, without exhibiting any hysteresis.
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2.2. (Pb,La)(Zr,Ti)O3

Famous transparent ceramics PLZT, i. e. (Pb1 .xLaX)(ZryTiz)1-x/4O3, are also an example of relaxor
ferroelectrics, which exhibit large electooptic effect (R = 9.1 x 10-18 m2V-2) near the composition 9/65/35
and are applicable to practical light shutters, displays etc.

However, care must be taken for grain size control. Figure 4 shows the grain size dependence of the
electrooptic coefficients, R and g (defined as An = - (1/2)g n3P2), in PLZT 9/65/35.4) The samples were
prepared by hot-press sintering starting from coprecipitated PLZT powders. The electrooptic response is
drastically decreased below 2 um, which corresponds approximately to the critical grain size below which the
sample exhibits paraelectric properties.5) Therefore, relatively large grain size is necessary to reveal the
reasonable electrooptic effect.

On the other hand, a serious problem arises in fracture toughness or durability for particularly large grain
size samples, probably due to the deficient (B-site vacancy) crystal structure. A normally sintered
transparent PLZT ceramic with an average grain size more than 6 um has fracture toughness of K| =0.9
MNm'3/2,5) which corresponds roughly to 108 cycles durability under repeating operation. This means only
2 months durability when the PLZT is used for an image display (TV)driven at 30Hz. /

2.3. Pb(Mg1/3Nb2/3)03-PbTiO3

Discovery of a new ceramic electrooptic material with higher fracture toughness as well as larger
electrooptic coefficients will be an urgent necessity for image display applications. The following conditions
should be satisfied for the ceramic: 1) ceramic transparency requires almost zero birefringence in the original
state (i. e. a pseudo-cubic structure) to suppress light scattering, 2) large fracture toughness may be
obtained in a sufficiently packed structure, 3) large electrooptic effect is realized in relaxor ferroelectrics.

The Pb(Mg1/3Nb2/3)03-PbTiO3 system which is known as a superior electrostrictive (secondary effect)
materialn with very high fracture toughness (Kic = 1.7 MNm-3/2) may be a good candidate to investigate from
an electrooptic viewpoint. Samples of the (1 - x)Pb (Mg{/3Nb2/3)O3- x PbTiO3 system were prepared by
hot-press sintering starting from the oxide mixtures. Note that the Curie temperature increases gradually
with the PbTiO3 content, passing room temperature around x = 0.12, and the crystal structure is pseudo-
cubic in the region below x = 0.4. Figure 5 shows the composition x dependence of light transmittance (A =
633 nm) of a 0.5 mm thick sample in the (1 - x) Pb(Mg1/3Nb2/3)O3- x PbTiO3 system. The transmittance is
reduced drastically above x = 0.14, probably due to the scattering caused by the spontaneous
birefringence. The best transmittance 49 % is still smaller than 62% in the conventional PLZT; this suggests
that more sophisticated powder preparation technique will be required for the PMN-PT. The refractive index
n (A = 633 nm) change with x is plotted in Fig. 6, which shows a small maximum around x = 0.12. The values
are slightly larger than n = 2.49 in PLZT 10/65/35. The most intriguing data can be found in electrooptic
measurements. Figures 7(a) and 7(b) show the electrooptic R coefficient and its corresponding hysteresis
for A = 633 nm, respectively, plotted as a function of composition x. The maximum electrooptic R coefficient
of 22 x 10-16 m2v-2 for x = 0.12 is more than twice larger than 9.1 x 1016 m2v-2 in the famous PLZT
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9/65/35. The hysteresis, defined as an equivalent bias electric field to fit the experimental An curve by the
quadratic relation of E, increases drastically above x = 0.16, the samples in which region can not be used
practically.

In conclusion, 0.88Pb(Mg1/3Nb2/3)03-0.12PbTiOg will be the better electrooptic ceramic with high

mechanical toughness, if the better light transmission is obtained by improving the preparation technology.

3. TWO-DIMENSIONAL DISPLAYS
This section deals a concept of a projection type TV utilizing two-dimensional PLZT dispiays. The

development of a simple mass-production process and the designing of electrode configurations with a
narrow gap are the key factors for the PLZT displays. A newly developed design as shown in Fig. 8 presents
a very bright image w ith a slight crosstalk-related problem and is easy to produce.

3.1. Fabrication Process of the 2-D Display

The fabrication process of the two-dimensional PLZT light valve array is outlined in Fig. 9.6)
Coprecipitated PLZT 9/65/35 powders were mixed with organic solvent and binder and formed into a green
sheet. Platinum internal electrodes were printed on the green sheets. The electroded sheets were then
laminated alternately in 90 different orientations under a pressure of 3000 psi, so as to make plate-through
and separate electrodes. The laminated body was sintered in an oxygen-controlled atmosphere, and the
bulk was cut and polished. Finally the external connecting electrodes were applied to make vertical and
horizontal addressing.

Figure10(a) shows the electrode configuration of a (10x10) matrix light valve. The shaded portion of the
device in the figure represents one image unit (pixel). The vertical separate internal electrodes were '
connected by external electrodes printed on the surface of the device. The horizontal plate-through
electrodes were embedded 100 um deeper from the opticcal surface to avoid shorting with the vertical
electrode connectors. Figure 10(b) shows a picture of the newly fabricated display. Note that the layer

thickness is about 0.35 mm.
3.2. Characteristics of the light vaive array
The optical transmittance of the PLZT device fabricated by the tape casting technique was62 % atA =

633 nm, which is in good comparison with 63 % for the ideal sample prepared by hot-pressing. The
brightness for red, green and blue light was measured as a function of applied voltage (Fig.11), where the
electrode gap was 0.45 mm.6) The contrast ratio defined by a ratio of brightness on the screen under the
application of half-wavelength voltage over brightness under zero volit (220 cd/m2/2.8 cd/m2), was about
80, rather superior to the values for the conventional cathode ray tubes or liquid crystal displays. The
response time associated with a single pixel of the display was less than 10 usec for both rising and falling
processes, which is rapid enough to drive this shutter array at a raster frequency of the conventional CRT's.
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FIGURE 8
Newly developed design of a 2-dimensional display.
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3.3. Construction of the Image Projector

The driving circuit of the display is represented schematically in Fig. 12(a). When the terminals of the
device are addressed as shown in Fig. 12(b), the image appearing in Fig. 12(c) (alphabet "F") is generated
on the screen.6)

Crosstalk phenomenon was checked on the 2-D display using a setup as illustrated in Fig. 13 with
monochromatic light. The test was made with keeping one vertical terminal on (Ground) and applying high
voltage on mutiple horizontal terminais. There are three different cross talk patterns: vertical, horizontal and
oblique types. The results are shown in Fig. 14(a)-(c) for the different input number of horizontal terminals,
where the top and bottom of a pair of figures indicate the light intensity in uyW unit on the screen in ON state
and OFF state, respectively. The leakage light intensity associated with the vertical or horizontal crosstalk is
20 -30 % or 10 - 20 % of the main peak intensity, which does not affect the image contrast significantly. On
the contrary, the oblique type crosstalk causes unnegligible ieakage up to 50 % depending on the applied
voltage and the number of horizontal addressing input signal (combination type crosstalk). Modification of

the internal electrode configurations will be necessary to avoid the crosstalk problem completely.

4. CONCLUSIONS
1. Relaxor ferroelectrics are widely applicable to electrooptic light valves/displays etc. Superior

characteristics of these materials are mainly attributed to the easy poling of the ferroelectric micro-domains.

2. A new electrooptic ceramic 0.88Pb(Mg1/3Nb2/3)03-0.12PbTiO3 with high mechanical toughness
may provide a breakthrough for long-term display applications.

3. A new type of PLZT 2-dimensional light valve fabricated by a tape casting technique has been
developed, and a prototype image projector was investigated. It is easy to mass-produce, leading to a low
manufacturing cost. This light valve exhibits bright image with a negligible crosstalk-related problem. Itcan
be driven in quick response (10 psec) by a relatively low drive voltage (100 V/ 0.35 mm gap) in comparison
with the conventional PLZT devices. The applicative feasibility to a high definition image projector was

verified.
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Humidity-sensitive devices of Pb(Zrgs;Tig45)03 + 4 mol% Nb,Os were fabri-
cated and their sensitivity was measured. The change of electrical conductivity with
water adsorption is caused by ionic conduction in which the conducting carriers are
protons. Humidity sensitivity is affected by the open porosity of the ceramic, and
the open porosity and the adsorption rate decrease with increasing sintering temper-
ature. The sensitivity is stable in a wide temperature range, and the hysteresis in one
humidity cycle is negligible.

1. Introduction

Humidity sensors utilize the change of electrical parameters with humidity ad-
sorption, and have been made of materials such as electrolytes,'” organic
polymers?? and ceramics. Among them, ceramic humidity sensors form a majority
because ceramics are essentially more stable physically, chemically and thermally
than other materials.“®

In this study, humidity sensitivity has been investigated in Nb,Os-doped Pb(Zr,
Ti)O; ceramics, which were originally developed as a monomorph device (semicon-
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ductive piezoelectrics).”

2. Experimental

The specimens were prepared by means of a solid-state reaction method, which

Ag electrode

Ag electrode

Fig. 1. Schematization of electrode geometry.
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Fig. 2. Microstructure of the specime- -d at 10007 for 2h.
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Fig. 3. Open porosity and adsorption rate as functions of sintering temperature.

is easy in terms of process control and conducive to mass production. The raw
materials of PbO, ZrO,, TiO, and Nb,Os were ball-milled in ethyl alcohol for 24 h.
The mixed powders were then dried and calcined at 850°C for 2 h. The calcined
powders, Pb(Zro.s:Tio.4s)O3 doped with 4 mol% Nb,Os, were remilled in distilled
water for 12 h, redried and sieved through a 170-mesh screen. Pressed into plates
under a pressure of 1 ton/cm?, the specimens were sintered in air at various tempera-
tures ranging from 1000°C to 1300°C for 2 h.

The microstructures of the specimens were observed by means of scanning elec-
tron microscopy. Ag paste was painted on each side of specimens of 12 mm (length)
x 6 mm (width) x 0.7 mm (thickness) and fired at 600°C for 10 min.

The resistance and capacitance change with adsorption of water were deter-
mined using an LF impedance analyzer (HP4192A). The ambient atmosphere (tem-
perature and relative humidity) was controlled by a thermostatic humidity
generator (HC7005, Heraeus Vétsch). The open porosity and the adsorption rate
were calculated using egs. (1) and (2):®

Wy — 4

Open porosity (%) = W= x 100 )
3 2

and
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. Wy — W,
Adsorption rate (%) = — * 100, (2>

where W), W, and W, represent dry weight (g), water-saturated weight in water (g)
and water-saturated weight in air (g), respectively.

3. Resuits and Discussion

3.1 Microstructure
The microstructure of the specimen sintered at 1000°C for 2 h is shown in Fig. 2.

The specimen is very porous, which is essential for humidity sensing.” The doping
of Nb may inhibit grain growth.® The variations of the open porosity and the ad-
sorption rate with sintering temperature are shown in Fig. 3. Both the porosity and
adsorption rate decrease with increasing sintering temperature, as expected.
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a
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Fig. 4. Dependence of resistance on relative humidity for samples sintered at various temperatures.
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3.2 Humidity sensitivity
3.2.1 Dependence on sintering temperature

The resistance at 1 kHz and 25°C was measured as a function of relative humid-
ity for several specimens sintered at 1000°C, 1100°C, 1200°C and 1300°C (Fig. 4).
The resistance of the specimens decreases with increasing relative humidity; this is
explained in terms of the model proposed by Anderson and Parks.""” The humidity-
sensing- mechanism is as follows.

When a few water molecules are adsorbed, a water molecule will be physically
adsorbed to form a hydroxyl group on the grain surface and a proton may be
transferred from a surface hydroxyl group to a water molecule to form H;O".
When more water is adsorbed, clustering of the water molecules takes place forming
patches of a liquidlike network of hydrogen-bonded water molecules. Since hydra-
tion of H;0" into H,O and H* is energetically favored in liquid water, the domi-
nant charge carrier in high-humidity atmosphere is H*.
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In the specimen sintered at 1000°C, the resistance decreases linearly with increas-
ing relative- humidity. On the other hand, in the specimens sintered at 1100°C and
1200°C, the resistance change in the low-humidity region is small, and the specimen
sintered at 1300°C exhibits little resistance change over the entire range. The
physisorption of water vapor through the pores becomes difficult because the pores
disappear with increasing sintering temperature.

The capacitance of the above specimens, which was measured at 25°C and 1
kHz, is aiso plotted in Fig. 5. The capacitance change with the humidity is opposite
that of the resistance change, but the sensitivity variation with the sintering condi-
tions is very similar.

3.2.2 Dependence on frequency and temperature
The resistance and the capacitance of the specimen sintered at 1000°C were
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measured at 25°C for various frequencies (Fig. 6). Humidity sensitivity is higher at
lower frequencies.

The temperature characteristics were also measured at 1 kHz for the specimen
sintered at 1000°C (Fig. 7). Both the resistance and capacitance change show good
linearity, and the slopes do not change significantly with temperature.

3.2.3 Hpysteresis and aging

The characteristics of the resistance and capacitance with increasing and decreas-
ing relative humidity are shown in Fig. 8. The specimen sintered at 1000°C was
measured at 25°C and 1 kHz. Each point was measured 2 min after the relative
humidity had stabilized. Hysteresis is negligible in both the resistance and
capacitance.

This may be attributed to the fact that the effect of the variation of surface free
energy of adsorbed water is negligible."” Furthermore, the adsorption response
time (50% r.h. = 90% r.h.) and desorption response time (90% r.h. = 50% r.h.)
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for the above specimens are 40 s and 1 min, respectively.

The resistance and capacitance variations with aging time are shown in Fig. 9.
The aging was performed by exposing the specimens in air for 15 days and 60 days.
The aging effect proceeds at a rate of 3% /month, which is in the practical allowance
range of commercial devices.

4. Conclusions

The specimens of Pb(Zros:Tio4s)Os + 4 mol% Nb,O; were fabricated and their
humidity sensitivity was investigated. The results are summarized as follows.
1) The specimens sintered at 1000°C showed the best humidity sensitivity, and
the open porosity calculated by rmeans of Archimedes’ method was as high as 41%.
High porosity was also confirin . with SEM.




Resistance [Q]

104 —

-0~ fresh
—e— 15 days
~a= 60 days

A\

/
\

e\e
VAR

Vi

| 1 1 | !

-107°

- 10- 10

30 45 60 75 90
Relative humidity [%]

Fig. 9. Drift of hymidity sensitivity with time.

[d] @duejRde)

239

2) The open porosity and the adsorption rate decrease with increasing sintering
temperature, and the humidlty sensitivity is highly dependent on the open porosity.
3) The capacitive sensitivity was higher than that of the resistance, and the
humidity sensitivity was higher in the low-frequency region with good temperature

stability and negligible hysteresis under cyclic humidity changes.

4) The resistance increases and the capacitance decreases at each value of rela-

tive humidity with aging, but the humidity sensitivity (slope) is constant.
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<ABSTRACT>

Lead titanate (PbTiOs) thin films have been deposited on Pt coated
fused quartz substrates by rf-magnetron sputtering to investigate the effect of
sputtering conditions on the Pb/Ti ratio of sputtered films. The thin films on
Pt coated fused quartz were polycrystalline and did not have preferred
orientation of the crystallites. It was found that the Pb/Ti ratio decreases with
increasing oxygen content in sputtering gas and target-substrate distance,
while it increases with rf-power. The ratio was varied in a wide range
between 0.7-3.0 with sputtering conditions. The variation of Pb/Ti ratio
could be explained by the variation of thermalization distance with
sputtering conditions and the difference in diffusion coefficients of Pb and

Ti atoms. By controlling the sputtering conditions, a single phase PbTiO3
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thin films were obtained. The films showed the phase transition from

tetragonal to cubic at about 500 °C.

Key words; PbTiO3 thin film, Pb/Ti ratio, thermalization, virtual source,

diffusion




I. Introduction

Ferroelectric lead titanate (PbTiOs) and lead zirconate titanate (PZT) thin
films have been widely investigated because of the increasing demand for
these materials in the applications of microactuators, nonvolatile random
access memory capacitors, and pyroelectric detectors.'> There are many
kinds of methods for fabricating these ferroelectric thin films, such as
sputtering, chemical vapor deposition, and sol-gel processing.*+®

Among these methods, sputtering is well known as one of the best
deposition technique because of adhesion between the thin film and substrate,
and epitaxial growth. However, it has some disadvantages such as damage by
energetic species at the substrate, low deposition rate, and compositional
change of the film compared to the target.”” The compositional change is one
of the most important factors that must be improved, since it affects the
electrical properties of the thin films directly. The compositional change
becomes more severe especially when the binding energy difference of the
target components is great.

For example, when PbTiO; or another composition from its family is
sputtered, the control of Pb content is difficult. There are two cases
concerning the Pb content of sputtered thin films: one is excess Pb due to the
higher sputtering yield of Pb over the other components; and the other is Pb
deficiency due to the low sticking coefficient at higher substrate temperatures
and resputtering phenomena by the energetic neutrals and/or negative
particles.('® The difficulty in controlling the lead content has been a main
reason why these films have not been utilized practically. This problem could
be solved if we understand more precisely the behavior of sputtered particles

with sputtering conditions.




In this work. we tried to find the relationships between Pb/Ti ratio and
sputtering conditions systematically, such as rf-power. sputtering gas pressure.

gas composition, and target-substrate (T-S) distance.

II. Experimental Procedure
1. Sample preparation

PbTiO; thin films were prepared by an rf-magnetron sputtering system
(Anelva, SPF-430HS). The sputtering target was PbTiO; ceramic with 100
mm in diameter and 5 mm in thickness. It had a stoichiometric composition
of PbTiO; with purity of 99.9 %. The substrates were Pt coated fused quartz
with the dimensions of 10 mm x10 mm x1 mm in size. The Pt film coated on
fused quartz had (111) orientation. All the substrates were cleaned by using
trichloroethane and acetone, and then placed in a stainless steel holder by
clips prior to film deposition. The sputtering conditions are summarized in
Table I. At a higher rf-power over 300 W the PbTiO; ceramic target was
damaged by thermal heating, and hence the sputtering was conducted at or
below 200 W. The deposition rate of the sputtered films was varied in the

wide range of 30-250 A/min. with sputtering conditions.

2. Measurement

X-ray diffraction (Jeol, JDX-11PA) was employed to examine the
crystallographic properties. Pb/Ti ratio was obtained from the EPMA
(electron probe micro-analyzer, Horiba, EMAX-1500) data. The integrated
intensity of PB—Ma and Ti-Ka was normalized by the value of ceramic target
used for sputtering. SEM (scanning electron microscopy) was used to
observe surface morphology and film thickness. The deposition rate was

calculated from the film thickness and sputtering time. High temperature X-




ray diffractometer (Rigaku, D-Max3B) was used to observe the phase

transition.

II1. Review of the Sputtering Mechanism

Sputtering conditions such as power, sputtering gas pressure, gas
composition, substrate temperature, and target-substrate (T-S) distance are
known to affect the deposition profiles. In this section, the effect of these
conditions on the Pb/Ti ratio and the deposition rate is discussed.

Sputtered particles lose their initial energy and direction by collisions
with sputtering gas during their transport to the substrate, and after n
collisions their energy reduces to the thermal energy (kT).10!D [p this ‘
case, the sputtered particles are said to be thermalized and this region is
called the thermalization region or cooling region. At the end of this region,
a virtual source with relatively high density of sputtered particles forms. The
thermalization distance is expressed by the mean free path and the average
collision number required to thermalize. This thermalization distance
depends on the mass and the initial energy of the sputtered particles, and the
sputtering gas pressure. &1

The transport of the sputtered particles from the virtual source to the

substrate is by diffusion under the material concentration gradient. Thus the
particle diffusion current density (J,;) of sputtered particles can be

expressed by Fick's law, J,; =-D(dn/dx), and will be inversely

proportional to the distance, x, between the virtual source and the substrate.
In multicomponent sputtering, there would be m virtual sources formed
between the target and substrate, where m is the number of constituents of
the target.®) As a result, the composition of the deposited film may not be

the same as that of the targets, particularly when the mass difference




between the components of target is significantly different. No virtual source
may exist for certain sputtering conditions of low gas pressure or short
target-substrate distance.

For the sputtering of PbTiOs, it can be assumed that the region between
the target and the substrate is divided into three regions by the difference in
the thermalization distance of Pb and Ti atoms as shown in Figure 1.
Although Pb and Ti can be ejected from the target in various types, for
example, ions, neutrals, and cxides, they are assumed as neutral atoms in
this study based on previous reports.' !4 In region I. none of Pb and Ti
atoms are thermalized. Theretfore, the Pb/Ti ratio and deposition rate may be
almost constant depending on the sputtering yield of each element, if
resputtering effect is not considered. At region II, the Pb atoms are in state
of thermalization, while the Ti atoms are not fully thermalized because of
longer thermalization distance.® In this region, the Pb/Ti ratio and
deposition rate may be low compared to the value obtained in region I due to
previous thermalization of Pb. In region III, both Pb and Ti atoms are in
state of thermalization. Therefore, the Pb/Ti ratio will depend on the
diffusion process, especially, the diffusion coefficient. The deposition rate

will decrease inversely proportional to the diffusion length.

IV. Results
1. Gas pressure change

Sputtering gas pressure is known as the most important parameter which
affects the sputtering profi'e. Initially, the effect of gas pressure on the film
composition and crystal structure was investigated.

Figure 2 shows the variation of Pb/Ti ratio with sputtering gas pressure

for different rf-rower and gas compositions. With increasing gas pressure,




the Pb/Ti ratio decreases irrespective to the other sputtering conditions. In
case of 200W (O,/Ar: 10/90), the ratio approaches 1.0 above 1.0 Pa. In case
of 300W (O,/Ar; 1,0/90) and 100W (O/Ar; 20/80), however, it is expected
that very high gas pressure is necessary to obtain stoichiometric films.

Figure 3 shows the X-ray diffraction patterns of thin films sputtered at
various sputtering gas pressures. The film sputtered at 0.1 Pa shows PbTiO;
peaks and strong Pb,O; peak at 29.4° (20) which indicates excess Pb. The
6,05 peak becomes weak with increasing gas pressure, and only the peaks
due to PbTiOs remain at 1.0 Pa. This result agrees well with the results

shown in Figure 2. The color of the thin films was reddish brown indicating a

~ lead excess at lower gas pressure and changed to pale yellow with increasing

gas pressure. The above results shown in Figures 2 and 3 imply that the
sputtering gas pressure is an important factor in controlling the lead content.
However, it is not clear if the decrease in lead content is due to the total
gas pressure or oxygen partial pressure since the oxygen partial pressure
changes with total gas pressure. To confirm this, the deposition was
performed at various gas pressures of Ar atmosphere. Figure 4 shows the
effect of Ar gas pressure on the Pb/Ti ratio and deposition rate. The
deposition rate decreases with increasing Ar gas pressure, while the Pb/Ti
ratio shows almost a constant value near 3 in the experimental range. The
decrease in deposition rate with increasing Ar gas pressure is probably due to
the increase of scattering between sputtered particles and Ar gas particles. It
is thought that the excess Pb in thin films is attributed to the higher
sputtering yield of Pb than Ti. It has been reported that the sputtering yield of
Pb is about 4 times higher than that of Ti for the metal target.® Therefore, it
is also expected that the sputtering yield of Pb is higher than that of Ti even

if the ceramic target is used. Considering this result under the assumption




mentioned in 1I1. Pb and Ti atoms transport to the substrate before being
fully thermalized in a given Ar pressure range, and the sputtering yield of Pb
is approximately three times higher than that of Ti. The constant Pb/Ti ratio
implies that the decrease of Pb/Ti ratio with sputtering gas pressure can be

due to the increase of oxygen partial pressure.

2. Gas composition change

Figure 5 shows the variation of Pb/Ti ratio and deposition rate with
oxygen content in the sputtering gas. The total gas pressure was fixed at 1.0
Pa. By introducing oxygen to the sputtering gas, the deposition rate
decreased linearly, while the Pb/Ti ratio decreased rapidly, then saturated as
it approached 1.0 near an oxygen content of 50 %.

It is well known that the introduction of oxygen is indispensable to
compensate oxygen deficiency even though oxide ceramic target is used.
Many studies have reported the decrease in deposition rate as oxygen is
introduced to the reactive sputtering system.®!> This phenomenon has been
explained by the oxidation of the target surface. Although the same tendency
has been reported for the rf-sputtering using the oxide ceramicitarget, the
reason is still not clear.

The oxygen partial pressure probably affects both the sputtering yield
and initial energy of sputtered particles. The target surface was changed by
the oxygen partial pressure during sputtering. For example, at oxygen free or
lower oxygen partial pressure, the color of target surface changed black
indicating reduction due to oxygen deficiency, and it returns to the original
color at higher oxygen partial pressures. It is thought that the sputtering yield
of Pb is suppressed in the oxidation state compared with reduc:'n state. The

introduction of oxygen may reduce the secondary electrc.. oy forming




negative ions near the target surface. and consequently a self-bias potential
decreases. This results in the decrease of the sputtered particles' initial energy
and thermalization distance, which causes the diffusion region to elongate.
We can expect the decrease of Pb/Ti ratio with increasing oxygen.
Figure 6 shows the X-ray diffraction patterns for the films used in Figure 5.
When the oxygen is not introduced to the sputtering gas, a-PbO peaks
probably due to the excess Pb and small peak due to TiO appear. As the
oxygen is introduced, the intensities of lead oxide peaks decrease and the
peaks due to PbTi10; begin to appear. Above an oxygen content of 50 %, lead
oxide peaks disappear and only the PbTiO; peaks exist. This result agrees
well with the result shown in Figure 5. The peak intensity due to Pt substrate
increases with oxygen content. This is probably due to the decrease in film

thickness.

3. Rf-power change

Figure 7 shows the effect of rf-power on the Pb/Ti ratio at different
oxygen contents. As the rf-power increases, the Pb/Ti ratio increases.
Ho;vever, the tendency is quite different with gas composition. The slope is
very steep for the oxygen free atmosphere, while it is small when oxygen is
introduced in the sputtering gas. Again the oxygen plays an important role on
the lead content in thin films. This is contrary to the result by K. Torii et al.
in PZT thin films.(” They have reported the decrease of Pb/(Zr+Ti) ratio with
increasing rf-power and explained it by the selective resputtering of Pb due
to the impingement of accelerated negative ions. The resputtering effect was

considered because the surface binding energy and sticking coefficient of Pb

are low.®




However, according to D. J. Kester et al.!® who has investigated the
resputtering phenomena for various titanate perovskite. the evidence of
resputtering phenomena in PbTiO; is not so obvious. Although the target
material is different, S. Srivastav et al.'!? reported that they also did not find
any resputtering phenomena in rf-sputtered ZnO thin films. Therefore,
generally, the resputtering phenomena is not observed in rf-sputtering, but
occurs only under limited sputtering conditions.

We have not observed a significant resputtering effect on the surfacc of
the films. In addition it is difficult to explain by selective resputtering that
the lead content increases with rf-power. Consequently, it is considered that
the increase in Pb/Ti ratio with increasing rf-power in this study must be
related to another phenomenon. The variation of Pb/Ti ratio with rf-power
~ can be understood by the relationship between thermalization distance and
rf-power. As the rf-power increases, the self-bias potential increases the
initial energy of the sputtered particles. The self-bias potential increases
because the initial energy of the sputtered particles is proportional to the
energy of sputtering gas particles. This causes the thermalization distance of
sputtered particles to become elongated. As a result, the Pb/Ti ratio of the

thin films becomes close to the sputtering yield of Pb and Ti.

4. Target-substrate distance change

Figure 8 shows the variation of Pb/Ti ratio with the target-substrate (T-
S) distance for various sputtering conditions. Although the value is different
for the sputtering conditions, it decreased linearly with the T-S distance. This

suggests that the virtual sources of Pb and Ti exist closer than 3 cm from the

target.




V. Discussions

In order to establish a relationship between the Pb/Ti ratio and the
sputtering conditions. sputtering yield, thermalization distance and diffusion
coefficient of Pb and Ti should be estimated. Although the sputtering yield of
Pb and Ti for the ceramic PbTiO; target is not known exactly, it is assumed
from the result in Figure 4 that the value for Pb is more than three times
higher than that for Ti. Sreenivas et al.® calculated the thermalization
distance of Pb and Ti atoms by taking account of the chemical nature of the
target element and the corresponding binding energies. The distance for Pb is
calculated to be slightly shorter than that for Ti; therefore, the variation of
Pb/Ti ratio with total gas pressure (oxygen partial pressure) or rf-power
should be mainly due to the differences in the diffusion factor.

Next, the diffusion coefficient of Pb and Ti was calculated as a function
of gas pressure by the following equation'?;

Dp; = 3 {8KL (L4 Ly (1)
32 (m + ng) 0‘%2 T m; my

and the result is plotted in Figure 9. Here, D12 is the diffusion coefficient of
gas 1 in gas 2, n; and n» are the number of atoms or molecules of the two
gases per unit volume, m; and my, the molecular masses of the two gases,
O12, the collision diameter, k, the Boltzmann constant, and T is the absolute
temperature of the gas. The gas 1 and gas 2 correspond to Pb or Ti, and Ar,
respectively, and the temperature T is assumed to be 500 'K in our case.
Figure 9 shows that the diffusion coefficient decreases with increasing gas
pressure and the value for Ti is about 1.5 times higher than Pb. The particle
diffusion current density of Pb decreases more rapidly than that of Ti in the

diffusion region. As a result, Pb/Ti ratio decreases as the diffusion length is




elongated. The effect of sputtering conditions can be understood by the
relationships between thermalization distance and diffusion regton.

The phase transition of the PbTiOs thin film having a stoichiometric
composition was observed by a high temperature X-ray diffractometer and
the result is shown in Figure 10. The phase transition from tetragonal to
cubic occurs near 500 °C which is almost the same as single crystal or
ceramic PbTiOs. The lattice constants at a room temperature were 3.90 and
4.14 A, which are slightly smaller than the target PbTiO; values of 3.90 and

4.15 A. Further investigations on electrical properties are now in progress.

VI. Conclusion

The effect of sputtering conditions on the lead content in rf-magnetron
sputtered PbTiOj5 thin films was investigated. The Pb/Ti ratio was varied by
the sputtering conditions in a wide range of 0.7-3.0. The excess lead in thin
films is probably attributed to the higher sputtering yield of Pb than Ti. It is
considered that the sputtering yield of Pb is three times higher than that of Ti

for the ceramic PbTiO; target.

As the total gas pressure increases, the Pb/Ti ratio decreases. This ratio
also decreases with increasing oXygen content at constant gas pressure, while
it is almost constant with Ar pressure. The rf-power also affects lead content.
When oxygen is introduced into the sputtering gas, rf-power effect decreases
remarkably. These results reveal that oxygen plays an important role on the

lead content of thin films.

The effect of sputtering conditions are explained well by the variation of
thermalization distance and the difference in diffusion coefficient of Pb and
Ti. Diffusion coefficient of Ti is 1.5 times larger than that of Pb. By

controlling the sputtering conditions, s :chiome: ¢ and well-crystallized




PbTiO; thin films were obtained. which showed the phase transition from

tetragonal to cubic near 500 °C.
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Figure Captions

Figure 1. Schematic diagram of the transport of sputtered Pb and Ti
particles based on the differences in thermalization distance.

Figure 2. Effect of sputtering gas pressure on the Pb/Ti ratio.
(substrate temperature; 750 °C, T-S distance; 50 mm)

Figure 3. X-ray diffraction patterns of as-grown films sputtered under
various gas pressures. (rf-power; 200 W, O./Ar; 70/30, substrate

temperature; 750 °C, T-S distance; 50 mm)

Figure 4. Variation of Pb/Ti ratio with Ar gas pressure. (rf-power;
200W, substrate temperature; 750 °C, T-S distance; 50 mm)

Figure 5. Effect of oxygen content on the Pb/Ti ratio and deposition
rate. (rf-power; 200 W, substrate temperature; 750 "C, sputtering gas
pressure; 1.0 Pa, T-S distance; 50 mm)

Figure 6. X-ray diffraction patterns of as-grown films sputtered at
various oxygen contents. (rf-power; 200 W, substrate temperature;
750 °C, sputtering gas pressure; 1.0 Pa, T-S distance; 50 mm)

Figure 7. Effect of rf-power on the Pb/Ti ratio. (substrate
temperature; 750 “C, sputtering gas pressure; 1.0 Pa, T-S distance;
50 mm)

Figure 8. Effect of Target-Substrate (T-S) distance on the Pb/Ti ratio.
(substrate temperature; 750 °C, O,/Ar; 70/30)

Figure 9. Calculated diffusion coefficient of Pb and Ti in Ar as a
function of sputtering gas pressure.

Figure 10. Lattice constants of single phase PbTiO; thin film as a
function of temperature. (rf-power; 200 W, sputtering gas pressure,
1.0 Pa, O,/Ar; 70/30, subs rate temperature; 750 "C, T-S distance; 50

mm) .




Table |. Sputtering conditions of PbTiO, thin films

Target

Substrate

Substrate temperature
Gas pressure
Ox/(Ar+05)

Rf-power

T-S distance

Sputtering time

PbTiO3 ceramic disc
Pt coated F.Q.

750 °C

0.1 ~3.0Pa

0~ 100 %

50 ~200 W

30 ~ 70 mm

2 hrs.
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Tailoring Materials for Smart Applications

J. . DOUGHERTY AND Y. CHEN

ABSTRACT

An improved method has been developed for preparing piezoelectric composite
materials. The piezoelectric ceramic phase loading in the piezoelectric composites was
increased up to 85 volume percent. The piezoelectric efficiencies of the cured composite
materials were found to be superior to those of the best composite 0-3 piezoelectrics that
have been reported. The electrical and mechanical properties of the composites indicate
the possible applications of these materials as transducers and sensors in smart systems.

INTRODUCTION

Piezoelectric materials are widely used in transducer and sensor manufacture. One
newer application of the piezoelectric phenomenon is the "smart system". The "smart
system" is a structure composed of sensor, processor and actuator network, and is
capable of performing simultaneously both sensing and actuating functions. Figure 1
schematically shows an example of the "smart system". When the system is driven by
an external vibration, the sensor embedded in the structure senses the vibration and gives
an output signal to drive a controller which in turn drives the transducer to give feedback
to the structure.

Tailoring materials to provide the desired properties for application such as the “smart
system” has become an increasingly important subject in the materials research field.
During the past years, the combination of piezoceramics with polymers as composites in
various different connectivity patterns has proved to be a valuable and versatile
processing technique for optimizations of a wide range of piezoelectric parameters
(Skinner, Newnham and Cross, 1978; Newnham et al., 1980; Newnham, 1987). The
0-3 connectivity, in which the piezoelectric ceramic particles are dispersed in the 3-
dimensionally connected polymer matrix, is one of the simplest patterns that have made it
possible to produce flexible thin film sheets, with large areas, in various shapes.

The piezoelectricity describes the generation of an electrical polarization P; in certain

ceramic or composite materials by the application of a mechanical stress Ojk. The direct
piezoelectric effect is defined by the relation:

"
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Vibration Structure

Figure 1. Schematic picture of an example of the "smart system”.

P; = djjkOjk (1)

where the djj is the piezoelectric constants. The converse piezoelectric effect can be
expressed by:

Sij = dijkEk (2)

where S; is the strain developed in the material when the electric field Ex is applied to it.

.

In a ceramic or composite material polarized along the z-axis, the piezoelectric strain

coefficient d33 and piezoelectric voltage coefficient g33 ( 833 = dss/e ) coefficient
determine the transmitting and receiving characteristics of the transducer, respectively. It
is desirable, therefore, to have high values of d33 and g33 in transducer applications.

Although the high g33 constant can be obtained by decreasing dielectric constant €,
the small capacitance due to the low dielectric constant requires a high impedance
amplifier in close proximity to the transducer to raise the output to a sufficient level for
transmission. It is obvious that the performance of the materials can be optimized if

higher d33 and moderate dielectric constant € can be obtained without degrading the
voltage output. Since most organic polymers do not exhibit significant piezoelectric
properties, a large piezoceramic volume fraction is needed to obtain strong
piezoelectricity for a polymer/ceramic composite system.

This paper reports a unique approach towards preparation of 0-3 composite materials
consisting of a polymer matrix and PZT powder. Up to 85 vol% of ceramic phase
loading in the composites was achieved, and improved piezoelectric properties were
obtained.

EXPERIMENTAL PROCEDURE

The polymer tsed in this work was a low viscosity Spurr epoxy purchased from
Polysciences Inc. The piezoceramic powder used was PZT 501 from PKI. These
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Figure 2. The SEM picture of the fracture surface of the composite
sample 85PZT/15epoxy.

powders had a wide distribution of particle size from lpm to 150 um. The particles are
mixed with epoxy matrix and the mixtures were transferred into a die and pressed into
pellets at 25°C under various pressures. The samples were then cured at 70°C for 8
hours. After cooling down to room temperature, the cured samples were polished to an
even thickness and both surfaces of the pellet were electroded with air-dry silver paint
for poling and measurement.

RESULTS AND DISCUSSIONS
DENSITY

The various loadings of PZT phase in the composites were obtained following the
previously described procedure. Microscopic analyses indicated that the PZT particles
were closely packed with one another and evenly coated by the epoxy polymer. Figure 2
shows the SEM micrographs of the fracture surfaces of the composite sample with a
composition of PZT/epoxy = 85/15 (by volume). The density of the cured composites
was calculated directly from their measured volume and weight. By assuming that the
composite samples were free from voids, the actual volume fractions of PZT and the
epoxy were calculated using the equation:

P =P1vi+p2v2 (3)

where p, pj and p; are the densities of the composite, phase 1 and phase 2,
respectively. The volume fractions of two phases are represented by vy and v, ,
respectively. To test the assumption (samples were free from voids) a thermal
gravimeter analysis (TGA) was performed. The data obtained from TGA results were
also used to calculate the density of the sample, which was in good agreement with that
obtained from equation (3). Figure 3 shows the density of the materials as a function of
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Figure 3. The density and the piezoelectric constant d33 of the materials as

function of the volume fraction of the PZT loading in the composite.

the volume fraction of PZT phase in the composite. The results show the linear relation
between the density of the composite and the volume fraction of the PZT particle. Up to
85 vol% PZT particle loading in the composite materials has been achieved.
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Figure 4. The resistivity of 65PZT/35epoxy, hard Spurrs epoxy and
PZT (PKI-500) ceramic as functions of temperature.
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Figure 5. Electric flux in (a) single uniform medium and (b) diphasic
composite medium. The shaded regions are the higher permitivity particles.

PIEZOELECTRIC PROPERTY

In order to produce macroscopic piezoelectricity in a ceramic or a composite the
sample must be "poled” for aligning the polarization preferentially. Poling of the
composites was accomplished by using a conventional poling technique. The apparatus
was composed of a heated oil bath and a high voltage power supply. After poling, the
piezoelectric constant d33 was measured using a Berlincourt Piezo d33-meter. The
piezoelectric constants d33 for composites with different composition were measured as a
function of poling temperature under a poling field of 5S0KV/cm and a poling time of 20
minutes. The optimum poling temperature is found to be around 80°C. This result is
believed to be related, in a certain degree, to the resistivities of both the composites and
the composite constituents, which is shown in Figure 4. For a 0-3 composite, the
particles dispersed in the matrix get the largest voltage on them when the resistivity of the
particle equals to that of the polymer matrix (impedance match) because at this point the
0-3 composite can be treated as a single uniform medium in terms of electric flux. At
higher temperatures, where the resistivity of the polymer becomes much lower than that
of the particle phase, parts of the electric flux will by-pass the particles resulting in a
lower voltage to the particles possibly producing a insufficient poling. Figure 5 shows
the electric flux in a single uniform dielectric medium (a) as well as in a diphasic
composite medium (b). '

The measured d33 value for composite materials poled at 50 KV/cm and 80°C for 20
minutes is also plotted as a function of volume fraction of piezoelectric ceramic in Figure
3. The figure shows an almost linear relationship between the d33 constant and the
volume fraction of the PZT phase.

The high piezoelectric constant clearly indicates that these materials may be used to
make effective transducers and sensors. The transducers or sensors may be surface-
bonded or embedded in the structure base on the design of actively controlled structures.
Figure 6 shows the geometry of such a :metal structure in which sensors can be either
bonded on the surface or embedded inzide the structure to sense a local vibration.
Similar structures can also be applied to c<::nposite materials.
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= == composite sensor

insulator

|

= electrode lead

Figure 6. Geometry of a metal structure in which sensors are
either bonded on the surface or embedded in the structure.

To evaluate the sensor performance, an 85PZT/15epoxy composite sample was used
in a sensor/actuator combination with a "moonie" structure (Xu et al., 1991). When the
“moonie” actuator was driven by a electric field E = 125V/mm, the sensor response was
measured as a function of frequency. The result is shown in Figure 7. A standard PZT
(PKI-500) ceramic sensor is also tested and the result is included for comparison. It can
be seen that the composite material has adequate signal output and wider bandwidth
which should improve the overall system performance.
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Figure 7. The signal response of sensor under driving field E = 125V/mm.
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TABLE I. DIELECTRIC PROPERTIES OF COMPOSITE MATERIALS

MATERIALS DENSITY(g/cm3) K tand K tand
(before poling) {after poling)

PZT (PKI500) 7.8 1300 0.024 1800 0.018

Spurrs Epoxy 1.1 3.2 0.010

85PZT/15Epoxy 6.8 174 0.014 195 0.012

75PZT/25Epoxy 6.1 109 0.015 109 0.015

DIELECTRIC PROPERTY

The dielectric constant and loss of the composites were measured as a function of
both temperature and frequency using a Hewlett-Packard 4274A Multi-frequency LCR

Meter. The data obtained at 25°C are listed in Table I. The dielectric constant and
dielectric loss are plotted in Figure 8 as a function of temperature for 85PZT/15epoxy
composite material. The solid lines represent the dielectric constants and the dashed lines
are dielectric losses. Both dielectric constant and dielectric loss decrease as increasing
frequencies. A similar variation pattern of the dielectric properties is also observed for
the 75PZT/25epoxy composite sample except that the dielectric constant for the
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Figure 8. The dielectric constant and loss of the 85PZT/ 15epoxy"
composite as a function of temperatu:e and frequency.
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Figure 9. Dielectric constants of PZT/epoxy composites as a function of
volume fraction of PZT together with both Logarithmic and Maxwell

mixing rules.

85PZT/15epoxy are significantly higher than those for 7SPZT/25epoxy and the dielectric
loss for the former are consistently lower than that of the later, which are expected. The
similarity of the dielectric properties for these samples suggests that the structures of the
composite materials may be similar despite the difference in composition.

Figure 9 shows the plots of dielectric constants of the composites as a function of the
volume fraction of the PZT phase together with both Logarithmic (3-3) and Maxwell (0-
3) mixing rules. The values of the dielectric constant of the composites are between that

particie

@)

epoxy layer

Figure 10. Geometry of diphasic model One. The epoxy layer is not
to scale.The layer thickness is enlarged for clarity in the drawing.
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of two mixing rules. Because none of these models could be applied to these materials,
the following two new models were developed to explain the dielectric properties and the
structure of the composite materials.

1) MODEL ONE

* Figure 10 (a) illustrates an ideal packing structure of spherical ceramic particles in
ceramic. Since the particles prepared are all coated with the epoxy, it is reasonable to
introduce a model, shown in Figure 10 (b), representing the composite materials. In this
model, each particle is coated with a thin layer of polymer and the “triple points” between
the particles are filled with polymer (it has been shown previously virtually that no
porosity exists in the composite). Based on this model, the particles and the coating
polymers form a 0-3 connectivity, then these coated particles and the polymers in the
triple points arrange in a 3-0 connectivity. The values of measured dielectric constant are
used to calculate the amounts of the polymer forming the coating layer and in the triple
point areas. The equations used for each composition in the calculation are:

1 Vpzr Ve
Km KPZT Kepoxy @)

2 K
Vme(g"' — Yy 4 ( Vepoxy~ Vc) Kepoxy

3K
K= X = (5
Vﬂ)(‘j""T}E?)"’ ( Vepoxy - Vc)
where Kp: dielectric constant of coated particle phase;
KpzT: dielectric constant of PZT particle;
Kepoxy: dielectric constant of epoxy;
VPZT: total volume fraction of PZT phase in the composite;
Vepoxy: total volume fraction of epoxy in the composite;
\/ volume fraction of epoxy in the coating layers;

Vepoxy - V¢! volume fraction of epoxy in the “triple points”;
K: dielectric constant of composite sample.

Equation (4) is for series mixing and represents the mixing of the PZT particles with
the coating epoxy because the range between the values of the dielectric constants of two
phases are very large. Equation (5) is the one for the Maxwell mixing rule (3-0) and
represents the mixing between the coated particles and the epoxy in the “triple points”.

The calculation results are listed in Table I It is found that the amount of the epoxy in

the triple points increases linearly with increasing amount of the epoxy in the composite
samples.

2) MODEL TWO

In this model, we assume that parts of the ceramic particles are dispersed in the epoxy
matrix and other portions of the particles are connected in 1- dimension along the
direction of electric flux. Figure 11is the geometric representation of the model. The
dispersed particles in the epoxy matrix together with the surrounding epoxy are treated as
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TABLE II. CALCULATED VOLUME FRACTIONS (%) OF EACH PHASE

MODEL ONE _MODEL TWOQ
EPOXY EPOXY PZT PZT
TOTAL TOTAL in in dispersedin  connected in
PZT EPOXY coating layer "triple points" epoxy 1-D path
53.0 47.0 4.1 42.9 ' 51.3 1.7
62.0 38.0 3.6 34.4 59.7 2.3
70.3 29.7 1.5 28.2 63.7 6.6
73.0 27.0 1.5 25.5 66.3 6.7
75.0 25.0 1.4 23.6 67.8 7.2
775 22.5 1.4 21.1 70.2 7.3
79.0 21.0 1.4 19.6 71.2 7.8
81.0 19.0 1.4 17.6 73.0 8.0
82.5 17.5 1.3 16.2 74.1 8.4
83.6 16.4 1.3 15.1 75.1 8.5
85.0 15.0 1.3 13.7 76.4 8.6

a 0-3 mixing, and due to the large differences in the values of the dielectric constant of
the two phases, the relation between these two phases can be represented by the series
mixing rule. Then the 1- dimension connected particle phase mixes with this
combination in a 1-3 connectivity and can be represented by the parallel mixing rule.
Again, The values of measured dielectric constant are used to calculate the amounts of
the PZT dispersed in the epoxy matrix and that of the 1- dimension connected region.
The equations used for each composition in the calculation are:

v v
Ko Ko Ko ©
K =(Vpzr-vg) Kpzr+ (Vepoxy + Va) Ky ™
where Kp: dielectric constant of dispersed particles with the surrounding
vd: f’g?:gl;e fraction of PZT dispersed in the epoxy matrix;

VpZT - Vd: volume fractior: of PZT forming 1-D path;
Vepoxy + V4. volume fraction of the dispersed PZT and the epoxy matrix;
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Figure 11. Geometric representation for model Two. The dark
shaded particles show the 1-D connectivity. The matrix region
is a (0-3) connected composite.

The values of the calculation result are also listed in Table II. A linear relation was
also found between the volume fraction of PZT dispersed in the epoxy matrix and the
amount of PZT forming 1- dimension path in the high loading region of the PZT

particles. It can be seen from Table II that this model predicts that most of the particles
are dispersed in the epoxy matrix and only small portions of the particles are
interconnected forming the 1- dimension path through the sample.

It is noted that the models introduced are only applied to the high particle loading case
for the composite materials. For low particle loading the existing mixing rules such as
the Maxwell mixing rule are still valid. Based on (Newnham and Trolier-McKinstry,
1990), heating a connected particle phase in a polymer can convert (3-3) to (0-3)
connectivity. However, the dielectric constant vs. temperature (Figure 8) for our
materials shows no evidence of conversion of a (1-3) to a (0-3) connectivity. By
comparing the above two models and the temperature behavior of the dielectric
properties, we believe that the first model may be more applicable to these particular
composite materials. More work may be needed to determine the real internal structure
of these composite materials.

CONCLUSION AND FUTURE WORK

1. We have demonstrated that the piezoelectric ceramic phase loading in the composite
samples can be increased up to 85% volume percent by using a unique preparation
method developed in our laboratory.

2. An almost linear relation was found between the piezoelectric constant d33 and the
volume fraction of ceramic phase in the composite materials. As a result of the high PZT
volume fraction, both dielectric and piezoelectric properties of these composites are
better than those reported in the literature for the same class of materials.

3. Two new models were suggested to explain the structure of the materials and the
dielectric properties of the composites.
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4. The rather high piezoelectric constant, superior sensor performance and the ability
to tailor the sensor shape and properties indicate the applications of these materials as

transducers in smart systems.
5. Further optimization of the composite properties may be achieved by choosing

different ceramic and polymer phase combinations. The poling process may also be

further optimized to obtain desired properties.
6. Further evaluation of electrical performance in "smart system" is underway.
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ABSTRACT

The microstructural development of a multilayer substrate during co-firing was investigated
using a combination of Environmental Scanning Electron Microscopy and sinter/quenching
experiments. The multilayer samples were composed of a low temperature co-fireable ceramic
substrate with buried silver thick films. At low heating rates the film was found to delaminate
from the substrate during initial stage sintering of the silver. This delamination was healed as
soon as the film's glass frit softened and flowed to the substrate and no further damage
occurred. For heating rates greater than 25 °C/min delamination occurred above 800 °C and was
facilitated by porosity at the film/substrate interface. This porosity was due to residual gases
from the binder burnout process. ‘

Key Words: Environmental Scanning Electron Microscopy, differential shrinkage,
delamination.

1. INTRODUCTION

Low temperature co-fireable ceramics (LTCC's) have found use in the microelectronics industry
as ceramic packaging for integrated circuits. LTCC electronic packages combine tape cast and




thick film technologies, and in general the materials used consist of ceramic-glass or metal-glass
composites.

The advantages of this technology over co-fired alumina packaging include the low sintering
temperature of the materials (850 to 1000 °C), the high conductivity of the co-fireable
conductors, and the low dielectric constant (< 10) of LTCC substrates [1]. However, the co-
firing process even for LTCC’s is complex and not well understood. Problems such as
differential shrinkage [2], noble metal migration (especially silver), and substrate/component
reactions [3] continue to be major challenges to the technology.

Of all these problems differential shrinkage is fundamental to all co-fired systems, and the most
common resulting defect is delamination [4]. In the case of buried metallization, void formation
is also possible. The causes of these defects can be related to ransient stresses which arise due
to the shrinkage rate differential between the co-firing components (3 - 6].

In order to better understand differential shrinkage in the context of industrial manufacturing
practice, a series of experiments were performed to determine the effect of temperature and
heating rate on the microstructural development of a typical LTCC multilayer substrate. The
specific objective of this work was to determine the critical segments of a sintering cycle during
which the most damage is likely to occur. To do this work some novel experimental tools were
used. Sintering at low heating rates (<10 °C/min) was observed at the microscopic level in real
time using an environmental scanning electron microscope (ESEM). The effects of higher
heating rates were studied by sintering multilayers in a special fast fire furnace that provides

highly accurate and reproducible temperature profiles.

The ESEM (an Electroscan ES-30) allows one to observe insulating samples without the need
for a conductive coating. Its sample chamber can support atmospheres of almost any gas at
pressures up to 2500 Pa (see figure 1). The instrument is equipped with a hot stage that can
reach 1000 °C and a video cassette recorder for continuous collection of microstructure data.
These features make the ESEM ideal for observing the sintering of real materials in real time.

FIGURE 1. Schematic of the ESEM and its hot stage.




2. EXPERIMENTAL PROCEDURE

The materials chosen for this study were E. I. Du Pont de Nemours' 851AT Green Tape™ and
6142D silver thick film conductor. The Green Tape is a tape cast LTCC substrate material that
is a composite of Pb-Ca-aluminoborosilicate glass, alumina , and quartz [7]. The 6142D silver
thick film consists of silver particles and a glass frit. The 6142D is made specifically to be co-
fired as a buried conductor film in a Green Tape substrate.

Two series of ESEM experiments were performed. First, the sintering of a 6142D silver film
on an alumina substrate was observed to determine the effect of a planar constraint on the film
microstructure. Second, Green Tape/silver multilayer co-firing was observed to determine
those critical portions of a sintering profile where delaminations occur. The thick film sample
was made by simply printing a 2.22 cm x 2.22 cm pad on 2.54 cm x 2.54 cm 96% alumina
substrates using a 325 mesh screen. The films were about 7 - 10 pm thick. The Green Tape-
silver multilayers used for the ESEM observations consisted of 10 Green Tape layers two of
which were screen printed with 6142D silver paste. The stacking was such that the silver layers
were all buried, and lamination was done by uniaxially pressing the stack under a pressure of 34
MPa and at a temperature of 75 °C for 15 minutes.

The ESEM multilayer samples were prepared by breaking the green multilayers and shaving off
the resulting fracture surfaces with a hot razor blade. The fracture surfaces were perpendicular
to the tape casting direction. The shaving was than pasted, with the fracture surface up, to the
bottom of the alumina crucible used in the ESEM's hot stage (the crucible was approximately
0.635 cm in diameter and 0.159 cm deep). 6142D silver paste was used to insure good thermal
contact between the sample and the bottom of the crucible. For silver thick films printed on
alumina, the ESEM samples were prepared by simply breaking the substrate into pieces small
enough to fit into the crucible. Sintering observations were made of the films’ top surfaces. In
all cases the samples’ binders were burned out at 400 °C in a box furnace with flowing air.

The ESEM trials were done in an oxygen atmosphere at a pressure of 658 Pa. This was the
maximum pressure that could be used below 850 °C without significantly degrading the image.
The heating rate was controlled manually by means of a potentiometer that controlled the current
flow to the hot stage. The average heating rates for the ESEM trials presented in this paper were

approximately 5 to 7 °C/min.

To determine the effect of higher heating rates on the microstructural development of Green
Tape-silver multilayers, samples were sintered in a fast fire furnace and then subjected to
microstructure analysis with an ISI DS-130 SEM. The multilayers consisted of 10 layers of
Green Tape three of which were printed. The printed layers were all buried. The rest of the
multilayer preparation was the same as for the ESEM case. The sample sizes were about 1.2 cm

x 0.7 cm.

The furnace used to sinter these samples was a tube furnace with an alumina sample holder
connected to a stepper motor. The stepper motor pushes the sample into the furnace at a rate
required to achieve a desired heating rate. In this way very accurate and reproducible heating
and cooling rates as high as 100 °C/min can be achieved. Multilayer samples were sintered to
various temperatures in the sintering range of both Green Tape and silver. The samples were
held at temperature for 2 minutes and then quenched. Quenching was done by pulling the
sample out of the furnace at the maximum stepper motor speed.




3. RESULTS AND DISCUSSION

3.1 ESEM Results  Figure 2a and b show micrographs from the ESEM of a 6142D
silver film on alumina. Figure 2a shows the film in its green state (some sintering of the silver
occurred during binder burnout) while figure 2b shows the same portion of the film at 850 °C.
ESEM observations showed that the silver powder begins to sinter at about 400 - 450 °C. and
diffusional sintering and coarsening of the silver continues to about 650 °C. Around this
temperature the glass frit softens and begins to wet and flow over the silver. By 750 °C
sintering and coarsening of the silver is greatly enhanced due to liquid phase sintering through
the glass frit. It is at this point that the large pores seen in figure 2b begin to form (note that
some of these pores extend down to the alumina substrate).

Because the film is printed on a rigid substrate, it is constrained within the plane of the
substrate, and during sintering the film can only shrink along its thickness. This constraint
results in a tensile stress in the plane of the film which counteracts the effective sintering swess
driving the densification [8]. The stress opposing densification is transient and depends on the
amount of porosity in the film and on the film'’s free densification rate ( i.e. the densification rate
the film would have if it were unconstrained) [8]. Furthermore, materials subjected to stress at
high temperatures will undergo creep, and if the stress is not overly large,the creep and sintering
mechanisms will be similar (diffusional flow in the case of silver) [9].
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FIGURE 2. ESEM micrographs of 6142D silver films printed on alumina at temperatures of
a) 450 °C and b) 850 °C. The scale bars represent 10 pm.

This then leads to an explanation of the pore growth that occurs after the frit softens. The
densification rate will increase due to liquid phase sintering (dissolution/precipitation) of the
silver through the glass. As mentioned above this will tend to increase the transient stress. By
the same token, creep deformation by cavity growth, which is governed by surface and grain
boundary diffusion [10,11], will be enhanced by the presence of a liquid solvent. Because the
rransient stress will be concentrated at the grain boundaries due to the porosity, large, crack-
shaped pores will tend grow rapidly once easy diffusion through a liquid phase is possible

[10,11].

In the case of multilayers the transient stresses arise in both the film and the substrate and
depend on the difference in their free densification rates [3]. Figures 3a - d are micrographs
from an ESEM observation of Green Tape/silver co-firing. These micrographs show an edge
view of a buried film in a multilayer where the silver film runs nearly vertically across the center




of each figure and is sandwiched between two layers of Green Tape. The film is buried so that
its plane extends back into the page and its thickness is in the plane of the page.

Figure 3a shows the multilayer at 470 °C. By this time the film has already undergone a
considerable amount of sintering by diffusional transport of the silver, but the substrate has not
yet begun to densify. It is also evident in this micrograph that there is a large amount of
porosity at the film substrate interface. This porosity was not seen when the multilayer was in
its green state and indicates that the film was able to pull away from the substrate and shrink
within its plane. Thus, this initial stage delamination allowed the film to sinter relatively
unconstrained compared to the case of a film printed on a rigid substrate.

Figure 3b shows the same multilayer at 652 °C. By this temperature the silver film has almost
completely densified by solid state sintering and the substrate has begun to sinter by viscous
flow of the glass phase (the large irregularly shaped particles in figure 3b; the smaller equiaxed
particles are alumina). Also the glass frit in the film has just begun to soften. The fact that the
film has almost completely densified before the frit softened is further evidence that it was able
to pull away from the substrate. The porosity at the interface with the substrate is also
becoming reduced indicating that the initial stage delamination is being healed as the substrate
shrinks in around the film.

In figure 3c the multilayer is at 759 °C. The substrate has densified as much as possible by
simple viscous flow and further shrinkage requires that the glass flows over the alumina and
infiltrates the alumina interparticle spacing [12,13]. The glass frit in the film has thoroughly
wetted the silver and the initial stage delamination has been healed. The glass in both the film
and the substrate has flowed to fill in the porosity at the interface.

Finally, figure 3d shows the microstructure of the multilayer at about 850 °C, the nominal
sintering temperature of these materials. The substrate has almost completely densified and the
action of dissolution/reprecipitation of silver through the glass frit has homogenized the cross
section of the film. That is areas of convex curvature have thinned while regions of concave
curvature have thickened. The fact that no more damage has occurred in the film or the
substrate, even though the substrate for most of its sintering range has been shrinking around a
dense film, is largely due to stress relaxation in the substrate. Since the substrate consists
mostly of glass, it responds to stress by bulk flow [14]. It should be noted that these
experiments were carried out at relatively low heating rates (~ 5 °C/min). As will be shown, the
situation at high heating rates (= 25 °C/min) is very different.

3.2. High Heating Rate Experiments Figures 4a - d and 5a - d show conventional
SEM micrographs of multilayers sintered in the fast fire furnace at various heating rates and
temperatures. The micrographs are all fracture surfaces and the view is the same as in the
ESEM micrographs: an edge view of a buried silver pad. Note that all micrographs are of
different samples. The high degree of temperature accuracy and heating rate reproducibility of
the fast fire furnace ensures microstructural consistency from sample to sample.

Figures 4a and b show multilayers that were heated, respectively, at 25 and 100 °C/min to 600
°C, held for 2 minutes, and quenched. In both cases the silver in the film has sintered to some
extent by diffusional flow but the glass in the film and the substrate has not yet softened. It is
instructive to compare these micrographs with figure 3b. One can easily see that at the higher
heating rates the sintering of silver is greatly delayed so that a significant amount of porosity
persists in the film above a temperature of 600 °C. Also there is very little, if any, initial stage
delamination between the substrate and the film at the higher heating rates.
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FIGURE 3. ESEM micrographs of a Green Tape/silver multilayer at a) 470 °C, b) 652 °C, ¢)
759 °C and d) 845 °C. The scale bars represent 5 pm.

Figures 4c and d show multilayers heated to 750 °C again at 25 and 100 °C/min. By this
temperature considerable sintering of both the substrate and the film has taken place and the
glass frit in the film has softened. The interface between the film and the substrate 1s excellent
with no evidence of delamination. The delayed silver sintering due to the high heating rate is
still quite apparent in the microstructure from the large amount of porosity. As expected the
delayed sintering is more evident in the sample sintered at 100 °C/min.

The next set of micrographs (figures 5a - d) show multilayers sintered at 800 °C and above.
Figures 5a and b show samples sintered at 800 °C at heating rates of 25 °C/min and 100 °C/min,
respectively. In figure 5a the film and substrate appear to have a similar level of relative
porosity. The interface is still very good, but there is a small degree of delamination in some
areas. At the higher heating rate (figure 5b) this delamination is considerably more severe. As
the sintering temperature is increased to 850 °C (figures 5¢ and d) the delamination worsens for
both heating rates. Inspection of the interface between the film and the substrate reveals the

existence of a large number of spherical pores.

The spherical pores are most likely due to entrapped gasses from binder burnout. A
conservative burnout schedule was used for all these samples (3 hours at 400 °C in flowing air),
but residual carbon from the burnout process will tend to persist and slowly form carben oxides
up to temperatures of about 800 °C. High heating rates wouid tend to delay the oxication of
residual carbon to temperatures were there is no open porosity in the multilayer, thus,
entrapping the resulting gasses. Since thick film pastes contain a large amount of organic




compounds most of the porosity is at the film/substrate interface. These pores will greatly
weaken the interface by reducing 1ts load bearing area.
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FIGURE 4. Green Tape/silver multilayers sintered at a) 25 °C/min to 600 °C, b) 100 °C/min
to 600 °C, ¢) 25 °C/min to 750 °C and d) 100 °C/min to 750 °C. The scale bars represent 5 um.

The high heating rates also delayed the sintering of silver so that at high temperature there was
still a differential shrinkage between the film and the substrate resulting in stress being exerted
on the interface. At the same temperature for samples heated at low heating rates. the film was
already densified so that the substrate simply compressed in around it. But at high heating rates
the differential shrinkage provides a driving force for the film to separate from the substrate, a
process which is facilitated by the weakened interface.

The above results were found to be independent of cooling conditions indicating that the
observed damage was due to differential shrinkage and not thermal expansion mismatch. Also
samples sintered to 850 at 25 °C/min after an additional burnout step at 600 °C showed less
delamination. There are actually two effects at work here: 1) the longer, higher-temperature
burnout provided for more residual carbon removal before the onset of closed porosity and 2)
more silver sintering would have occurred during burnout limiting the differential shrinkage at

high temperature.




4. CONCLUSIONS

A combination of ESEM and sinter/quenching studies have been used to observe the etfect of
differential shrinkage on the microstructure of an LTCC muldlayer substrate. It was found that
at low heating rates (~ 5 - 10 °C/min) buried silver films almost completely densified before the
onset of sintering in the substrate. The prominent defect in these samples was an initial stage
delamination which healed once the substrate began sintering. In contrast the prominent defect
in films printed on a dense, rigid substrate is void formation due to local creep deformation.

15KV 2.@6KX

FIGURE 5. Multilayers sintered at a) 25 °C/min to 800 °C. b) 100 °C/min to 800 °C, ¢) 25
°C/min to 850 °C, and d) 100 °C/min to 850 °C. The scale bars represent 10 pm.

For multilayers sintered at high heating rates (25 - 100 °C/min), the sintering of the silver film
was greatly delayed so that the film and the substrate sintered concurrently. Above 800 °C the
differential shrinkage between the film and substrate lead to delamination which was facilitated
by porosity at the interface. The porosity was due to entrapped gases resulting from insufficient

carbon removal before the onse: of closed porosity.

These observations suggest that . 'w heating rates (at least at temperatures below 700 -.650 °C)
are best for LTCC multilayer sir icring where the buried metallization is silver. Lower heating
rates facilitate almost complete densification of the silver before the onset of sintering in the
substrate. Once the substrate does sinter it shrinks in around a dense silver film healing any
initial stage delamination. Even though the film would tend to act like a rigid inclusion with




respect to the substrate, further sintering damage is prevented through stress relaxation by
viscous flow of the glass (note that stress relaxation would not necessarily occur if the substrate
were a sintering ceramic, and thus further sintering damage would be possible). Higher heating
rates could be resumed above 650 °C to limit silver migration which in other work was found to
be more severe at high temperatures and low heating rates {15].
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The trends in integrated circuit packaging technology are inorganic and organic additives: powders characteristics;
toward high speed. high density. reliability, and low cost. and paste properties.
These demand the improsvement of material formulations
and processing technology. Among the thick-im materi- Lol "

] L ) . Introduction
als systems. conductor materials generally represent an
important and the most expensive element. Therefore, URING the past 30 years. electronics system requirements
attention has been centered on the performance of the fired have demanded higher circuit speeds. device densities. and
metal film and its cost. Silver and palladium (Ag/Pd) con- reliability. along with lower costs for integrated circuit pachig-
ductors are important components of thick-film paste tech- ing technology. These demands have uccelerated the progress
nology. Thick-film Ag/Pd conductors find applications in of materials development and processing technologies of both
many aspects of electronics and electronic packaging, such active and passive components. such as Capacitors. resistors.
as hybrid microcircuits. multichip modules. packaging for conductors. substrates. varistors. thermistors. and semiconduc-
integrated microcircuits. and in passive electronic compo- tors."”* A common element of nearly all of these components s
nents such as multilayer capacitors. varistors. and induc- a thick-film conducting phase. although its contiguration. pur-
tors. In this paper, the performance and properties of fired pose. and performance may viry w fdel_\'. lmpo—nunll_\. these

Ag/Pd films are discussed through their physical and chem-
ical aspects. The final film properties are correlated to a
number of factors. including thermodynamics and kinetics
of Pd oxidation during burnout and firing: chemical and
physical reaction of the Ag/Pd with the ceramic substrate.
organic vehicle, and solder: Ag diffusion and migration:

thick-film conductors otten contain precious metals and thus
represent a major traction of the materials cost, In this paper we
review thick-tilm conductor technology. using the Ag/Pd met-
allization system as the primary example.

II.  Characteristics of Metal Conductors

_ Controlling the properties of thick-tilm metal conductors
BB Ghate—vomneate: cdior used in electronic packaging is not a simple matter and dictates

4 thorough understanding of structure — properiy — pro-

cessing relationships. Indeed. most metals used for conductors
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rate. Figure 1 is a schematic overview of the many interrelated
tactors which can affect the tinal desired properties. Through-
out this paper we will be working within this general frame-

work. poinung out the imporiant 1Ssues which impact the use of

thick -film metal conductors in ditterent applications.

A good place to start 1s an o erview of the properties intrinsic
10 individual metals in their pure state. Table | summarizes sev-
eral properties of commonly used ‘pure metal conductors.
Figure 2 classifies their use depending upon the relative firing
temperature and atmosphere.™ In general. high electrical con-
ductivity metals are favorable for high-frequency. low-loss.
hybrid circuit applications. since the skin ettect is minimized.
For multilaver ceramic devices. a high conductivity for the
internal metallization is important to reduce the dissipation fac-
tor. especially at high frequencies.”” The best electrical conduc-
tors are elements residing in Groups L. I1. and 111 of the periodic
table. The elements of Group IB (Cu. Ag. and Au) have a
valence of one. They are among the best conductors known and
the most widely used in electronics." However. due to their low
melting temperatures. these metals and their alloys are used
only at low firing temperatures (< 1000°C). Metals with
valences of two or three. such as Al. Pd. Pt. Ni. and W. are also
good conductors. although not as good as those of Group IB.
When used in thick-tilm compositions with added glass frits.
these metals can be tired at low temperatures.

The thermal expansion coefficients (TECs) of these metals
range from ~4.5 X 107°/°C for W up to =29 X 10-°/°C for
Pb. As shown in Fig. 3. the TEC varies inversely with melting
temperature. Strongly bonded metals have high melting temper-
atures and low TECs.*' The bond strength is also reflected by an
increase in Young's modulus with melting temperature. which
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Fig. I. Structure — property — processing relationships of thick-
nim. metallic conductors.

is also shown in Fig. 3. These ditterences in clasic compliance
and TEC. along with the resultant intertfacial shear stresses. can
be the source of metallization — ceramic delamimations and
cracks. in pariicular tor apphications which involve repeated
temperature or mechanical eyeling.

Since thermal conduction in a metal is camed primanly by
the conduction electrons. most metals with a high electnical
conductivity also have a high thermal conductivity. Hence. as
seen in Table I. Ag. Cu. and Au are the best thermal conductors.
For thick-film technology . the thermal conductivity of metals is
usually not a major concem. However. for high-field multifaver
ceramic devices. thermal breakdown is an imponant failure
mechanism: hence. any improvement in the thermal conductiv-
ity is beneficial. In addition. a higher thermal conductivity can
reduce the thermal shock imparted 10 a multilaver ceramic
structure during soldering. The large differences in thermal
conductivity between the metal and ceramic can introduce ther-
mal anisotropy into a 2-2 composite structure.'”

The oxidation/reduction stability of metals is another
important factor in processing thick-film compositions. Oxida-
tion and reduction reactions during cofiring may adversely
affect the ultimate electrical conductivity of the metal phase.
result in the formation of structural defects. and cause chemical
reactions between the metal and the ceramic. Figure 4 shows
the thermodynamic oxidation stability of a number of metals
used in thick-film technology.'” Table II gives their volume
expansion on oxidation. assuming no porosity.

It is clear that only noble metals are thermodynamically
stable in air over the temperature range commonly used for
processing electronic ceramics containing thick-film materials.
Whenever the metal is oxidized. the associated large volume
change can generate internal stresses and mechanical defects. In
the cases of Ag. Au. and the other semiprecious and precious
metals used in thick-film compositions. the reduction of metal
powder surface area on sintering acts to eliminate oxidation as a
factor in the performance of thick-tilm pastes containing these
metals." In the case of Ni and Cu. inexpensive base metals. oxi-
dation is a key factor. since these metals oxidize and remain
oxidized during the firing process rather than sinter to lower
effective surface areas. In thick-film technology. Cu conductors
are usually fired in a nitrogen atmosphere in a belt fumace.
However. Cu is thermodynamically stable in a nitrogen atmos-
phere only above its melting point.* The fast tiring profile used
and the frit. however. allow oniy limited oxidation during hr-
ing. Moreover. slight oxidation is desirabie sometimes. since it
can enhance adhesion due to the presence of copper oxides.

In the cofiring of multilayer structures. a longer tinng sched-
ule is sometimes needed. requiring that the oxygen partial pres-
sure be kept lower than the metal/metal oxide equilibrium value
of Fig. 4 to prevent excessive oxidation. Typical atmospheres
used include H.O H,. Co,/CO.NO,/NO. Ar. or their combina-
tions.** Unfortunately. RuO, or pyrochlore structure-ype
ruthenates. typical thick-film resistor components. are not sti-
ble under the reducing conditions required for firing Cu. Nickel
has a higher melting temperature than that of Cu. so 1t has the
potential to be used in high-tire systems. However. the lower
oxidation resistance of Ni dictates a reducing firing atmosphere
(Po. < 107" am at 1100°Cy. This requirement places tight
restrictions on the formulation of the dielectric. In addition to
RuO.. PbO. and Bi.0.. other common constituents in ceramic
packaging should not be used when Ni metallizations are fired.
A further probiem with Ni conductors is the paramagnetic skin
effect which reduces electrical conductivity at high frequencies.

[I1. Comparison of Thick-Film Coenductors

Table 111 provides some general performance characteristics
related to extrinsic properties of the various metals used in
thick-fiim conductor technology.”*** Most thick-film conduc-
{ors are noble metal-based: the most common are Au. Pd. P
Ag. and binary or ternary alloy combinations of these metals.
These conductor systems do not oxidize when fired in air”




| Table I.  Properties of Common Electrode Metals
! Prermat
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Table I1. Volume Expansion due to the Oxidation of
Common MLC Internal Electrode Metals
Metal sonde i LN
Pd PdO 1.68
Ag A0 1.56
Ni NiO 1.66
Cu Cu.O 1.65
Pb PhO 1.28
Sn Sn0. 1.33

Gold and Pt are high in cost. Gold exhibits the highest con-
ducuvity and excellent wire bondability and migration resis-
tance. but cannot withstand Sn/Pb solder.”* Additions of Pt or
Pd to form Au/Pt and Au. Pd alloys circumvent the solderability
problem. but result in a lower electrical conductivity and higher
Cost.="  Au/Pt systems also have the problem of fissuring in
the fired ilm. Panuial replacement of Au by less expensive Pd
vields the Au/PuPd alloys.”™ "' which increase the density of
the film as well as the soider leaching resistance. The tenary
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Table 1I1. Performance of Conductors in Thick-Film Microelectronics
Solder leach Corrosion
Metal Solderabiisty resstance resintance
Au Poor Poor Excellent
Pr:Au Excellent Good Excellent
Pd:Au Good Good Excellent
Ag Good Poor Poor
PrAg Good Good Good
Pd:Ag Good Good Good
Pd:Pt:Ag Good Good Good
Cu Excellent Excellent Poor
-~ Ni Good Excellent Excellemt
Polymeric Poor* Poor* Good
W. Mo. Mo:Mn v - Good
“Usuaily not formulated 1o be soidered. “Usually not soldered.
alloy also reduces the dependence of the fissuring on the Pt End
sources. However. Au. Au/Pd. and Au/Pt systems result in a Termination
high contact resistance when used with doped glazed resistors. Soider
Partial substitution of Au by Ag. Au/Ag. Au/Pd/Ag. or Au/Pt/ \
Ag substantially lowers the cost and the contact resistance.’*>
Although Ag has the highest conductivity among these con-
ductors. it has the problem of electromigration in humid condi-
tions under bias. Silver also has poor solder leach resistance. £
Additions of Pd or Pt to Ag. i.e.. the Ag/Pd and Ag/Pt. as
well as Ag/Pd/Pt alloy systems. help minimize these prob- 7|
lems.”**" but at the expense of increased cost and lower electri- 7 N
cal conductivity. A X
The addition of Pt or Pd to Au or Ag increases the electrical V \
resistivity. Therefore. in the fabrication of multilayer substrates.
pastes of these ailoys are used only for the top conductor layer Internal Dielectnic
Electrodes

or for the solder pads. The inner conductor layers are formed
from the unalloyed Au or Ag paste.

Copper. Ni. W, Mo. and Mo/Mn systems are used only when
firing in a reducing or neutral atmosphere. Low-cost conductors
based on Cu and Ni are available for some applications."™ How-
ever. Ni does not have the high electrical conductivity of Cu.
Ag. or Au. and thus its application to electronic circuits is
limited. Thick-tilm Cu metallization. in addition to high electri-
cal conductivity. exhibits advantages that include low solder
leaching. no cation migration, low material cost. and a high
thermal conductivity almost equal to that of Ag.' However.
increased processing costs often outweigh raw material savings.
A major drawback for using base metals in.thick-film technol-
ogy is the inefficient removal of the organic binder associated
with the dielectric material in the low oxygen. inert gas atmos-
phere of the fumace. In addition. there is a tendency toward
surface corrosion. and the industry has a limited availability
of reliable and compatible thick-film dielectric and resistor
systems.*

Refractory metals. Mo. W. and Mo/Mn. have been used for
conductors for many years in high-temperature cofired systems
such as Al,O.-based. multichip modules.*'~" but they are non-
solderable. In order to become solderable. they must be plated
with a solderable metal or alloy. such as Ni.

1V. Comparison of Various Internal Electrodes

Internal electrodes are the verv important parts of the
multilayer ceramic components such as actuators. transducers.
inductors. varistors. capacitors. monolithic multilayer sub-
strates. and chip carriers.”** Here. we focus on multilaver
ceramic capacitors. Figure 5 is a schematic diagram of a
multilayer ceramic capacitor. The performance of the internal
electrode directly affects the electrical performance. including
the permittivity. dissipation factor. and insulation resistance.**
For high-voltage applications. it also impacts the breakdown
strength and the fatigue behavior.

In the early days of multilaver ceramic capacitors (MLCs).
intemal electrodes of the Au/Pt/Pd ternary were used in high
firing temperature (“high-fire™) BaTiO.-based dielectrics.*"

Fig. 5. Schematic diagram of a multilayer ceramic capacitor.

Although metals in this ternary do not create problems due to
detrimental reactions. such as metal oxidation. Au- and
Pt-containing electrodes are now used only in specialty capaci-
tors. due to the high metal costs.

During the last decade., much MLC materials research and
development concentrated on reducing internal electrode costs.
which can account for a major portion of the materials cost in an
MLC part.” The high and variable price of noble metals that
have traditionally been used as electrode materials have forced
the MLC capacitor industry to replace them with less expensive
metals. such as Pd/Ag. Cu. Ni. and Pb.** In order to use these
less expensive electrodes. it is necessary to either substantially
reduce the sintering temperature of the dielectric. tire compo-
nents in a reducing atmosphere. or inject electrodes made of
solder alloy into the MLC structure after densification of the
dielectric has been achieved.”'-** These approaches to lowering
the overall cost of a MLC without sacrificing performance are
summarized in Fig. 6.
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Fig. 6. Evolution of electrode utilization in muitilayer capacitors,
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Copper has a low melting temperature relatuve to most MLC
dielectrics. ™" It can be used as an internal electrode only for
dielectrics with a sintering temperature < 1000°C. Currently,
many low-tire relaxor compounds have been developed using
Cu as an internal electrode.” On the other hand. Ni could be
used in high-tire systems: however. similar to Cu. the sintering
atmosphere must be precisely controlled 1o keep the metal from
oxidizing.""** The low oxygen partial pressure required during
tiring elminates the use of Ni in Pb-based materials. due to
metallic Pb formation.”™ Many dielectrics based on BaTiO,
were developed to be cotired with Ni internal electrodes. These
nonreducible dielectrics were tormulated with stoichiometry
control in order to prevent them from becoming semiconduct-
ing in reducing/neutral tiring atmosphere.”* The tow cost of the
base metal is traded off by the expensive costs of processing
and equipment maintenance.” In addition, the electrical proper-
ties of most nonreducible dielectrics are strongly dependent on
the sintering temperature. time. and atmosphere.

Another approach used to reduce electrode cost is the use of
injected Pb/Sn alioys.* This method eliminates the trouble-
some reactions between metal and ceramic during firing at high
temperatures. The injection process for making multilayer
ceramic capacitors involves making MLC parts with a “fugitive
electrode™ (e.g.. carbon black) which is removed during the
burmout and firing process. The resuiting empty electrode
spaces are backfilled with a solder alloy injected under high
pressures. The lead injection method is not widely used. Due to
the high contact angle of the metal on dielectrics.” the method
requires careful control in order to have a complete penetration
of the molten metal into the electrode channel between the
dielectric layers and to obtain a continuous electrode film.** The
electrodes are usually thicker than those printed directly onto
the unfired dielectric in order to ensure the formation of good
connections between the plates. The thicker electrode associ-
ated with the presence of ceramic pillars in the electrode cavit-
ies reduces the volumetric efficiency.

Ag/Pd systems are widely used as internal electrodes in the
MLC industry because they can be fired in air. Another reason
is their melting temperature. and therefore the sintering temper-
ature of MLC. which can be varied with simple changes in the
Ag/Pd ratio. The system Ag/Pd is one of complete solid-solu-
tion formation, with the solidus and liquidus increasing in tem-
perature monotonically from Ag to Pd (T = 692°C. T} =
1552°C). Figure 7 shows this system.®’ For BaTiO.-based
dielectrics sintered at 1100°C. 70Ag/30Pd is usually used as the
electrode. These dielectrics sometimes contain inorganic addi-
tives. such as PbO. Bi.0.. ZnO. B,0,. or Si0,. which serve as
sintering aids. The lower firing, relaxor type dielectrics can use
85% Ag/15% Pd or 100% Ag internal electrodes. although
relaxor dielectric technology is not widely used in MLCs.

Copper and Ni may eventually replace noble and semipre-
cious metals in some applications in thick-film as well as MLC
technology. However. noble metals are better suited for a wider
variety of applications. do not require unique control of the fir-
ing atmosphere. and will probably continue to be incorporated
into new applications. especially with new dielectric systems
for which base metal compatibility has not been researched.

In the next few sections we will discuss applications of Ag/
Pd thick-film conductors. We will relate the applications to the
properties of oxidation of Pd in the presence of Ag. chemical
interactions of Ag/Pd with other components. and the formula-
tion and processing aspects of thick-film Ag/Pd conductors.

V. Application of Thick-Film Ag/Pd Conductors

Silver. palladium. and solid solutions or mixtures of them are
an important class of thick-film conductors used in thick-film
hybrid microelectronic systems and as internal electrodes and
end terminations for multilayer ceramic capacitors. transducers.
varistors. actuators. chip carriers. etc.”******* These systems
offer substantial cost benefits over Au alloys. pure Pd. or Pd/Pt
alloys.
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Fig.7. Phase diagram and room-temperature lattice parameters for
the Ag/Pd system.

Thick-film technology uses screen printing techniques to
deposit patterned conducting. resistive. and insulating films to
form passive electronic components and circuits. A thick-film
conductor generally requires the incorporation of three main
functional components in the paste: a metal or metal alloy to
provide conductivity and joinability. an inorganic additive. usu-
ally a glass or oxide to promote adhesion to the substrate. and
organic-based vehicles. dispersants. and other additives to pro-
duce a screen-printable paste. The additive phases in Ag/Pd
thick-film conductors are significantly different. depending
upon the particular purpose of the thick-film ink.****"

(1) Ag/Pd Electrodes for Thick-Film Hybrid
Microelectronic Technology

In thick-film hybrid circuits. conductors function primarily as
bonding sites for discrete active and passive devices and as
electrical interconnections between these discrete devices.
printed passive elements. and leads or pins for connection to
external circuitry.* Superior thick-film conductors have high
electrical conductivity. high migration resistance. compatibility
with other components and other thick-tilm deposits in the cir-
cuit, ease of producing solder or wire interconnection bonds
that have good electrical and mechanical integrity. good adhe-
sion to the ceramic on which the conductors were printed and
fired. good line definition. and firability in air at 1000°C or less.*

Usually. Ag/Pd thick-film conductors are fritted with boro-
silicate or similar glass phases which are used to bond the metal
particles to the surface of the alumina substrate on firing.”>*” As
fluxing aids for sintering and adhesion. intermediates and mod-
ifiers such as Bi,O.. PbO. AL.O,. CdO, ZnO. CuO. BaO. and
CaO are often included in the glass. even though they may
cause other problems such as reduced conductor adhesion to the
substrate when soider tracks are stored at elevated tempera-
tures.® Flux additives should also possess proper viscosity. sur-
face tension. thermal expansion. and environmental inertness so
as to contribute to the overali properties of the fired thick-film
conductor.™*

The presence of Pd serves to inhibit solder from leaching Ag
out of conductors. and it also reduces Ag migration in hot or
humid environments. especially when high electric field biases
are present between closely adjacent conductor tracks held at
different electric potentials. The addition of Pd does. however.
add cost. For less stringent applications where cost is of greater
importance. the ratio of Ag/Pd can be as high as 12:1. Pure Ag
can be used in hermetically sealed environments. For applica-
tions where high reliability is required in adverse environments.
the ratio of Ag to Pd is usually reduced.” Any further decrease
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in Ag/Pd ratio usually leads to lower solderability and a reduc-
tion in electrical conductivity.

(2) Ag/Pd Electrodes for MLC Terminations

in MLCs. the termination tor the external electrode) func-
tions as a low electrical resistance connection for the stacked
dielectric layers connected electrically in parallel.™ ™ Termina-
tions have similar compositional makeup of fired-on thick-film
conductors used in hybrid microcircuitry. except that different
fritted formulations are used to match to the capacitor body
chemistry. surface roughness. and thermal properties.'*"" Func-
tional requirements of the fired-on termination are solderability.
solder leach resistance, thermal shock resistance. adhesion to0
the ceramic. and. in some cases, electroplatability.” The most
common end termination materials for MLCs are Ag or Ag-rich
Ag/Pd alioys.* The balance between solderability and solder
leach resistance rests primarily on the Ag/Pd ratio. Silver dis-
solves rapidly in the Sn/Pb solder used in hybrid microcircuitry.
while Pd solubility is negligible. The composition and quantity
of glass frit used to bond termination to the ceramic dielectric
are also important factors which influence the thermal shock
and thermal cycle performance of MLCs.'*’"" Thermal shock
resistance increases with the addition of glass frit. even though
it has a.thermal conductivity of about 1| W/m-K compared to
about 400 W/m-K for Ag.”

Termination pastes are applied either by hand-dipping or by a
variety of machines. Accordingly. one of the most important
property requirements of the composition is rheology control
relative to the method of application. There are three types of
terminations: the leaded termination. the hybrid chip termina-
tion. and the surface mount termination.

The leaded mount termination is used for solder connection
to wire leads. The composition of a leaded mount termination is
tvpically a solderable. 100% Ag metallurgy. because the solder-
ing and lead attachment processing is done with appropriate
allowances for and control of solder leach, such as using
Pb/Sn/Ag solders.™

Hybrid chip terminations are used when mounting the MLC
onto a hybrid electronic circuit. typically by using a solder
refiow technique. The solder on the termination may undergo
several reflows during assembly of the microcircuit. Thus. the
terminations require a higher degree of solder leaching resis-
tance. and subsequently a higher Pd/Ag ratio (typically 1:3 or
1:4) is used.*

Surface mount terminations are used when the MLC is con-
nected directly to the printed circuit board. usually by wave sol-
dering. Due 10 the aggressive nature of this process. with regard
to termination leaching. very high resistance to soider leaching
is required. This is obtained by Ni-coating the Ag termination
or. alternatively. by using a tenary metallurgy termination (Pt/
Pd/Ag).”

(3) Ag/Pd Electrodes for MLC Internal Conductors

The function of the internal electrode is to provide the electri-
cal conductor for each active plate in the multilayer stack.”*"
The basic thick-film electrode composition comprises a con-
ductive metallization phase and a vehicle plus various additives
for rhealogy and sintering control of the metal phase. Since
these electrodes are entirely buried in the dielectric layers
except for the exposed ends. strong adhesion of the metalliza-
tion to the ceramic is not needed. Therefore. a glass phase for
adhesion of the conductor is usually not necessary. However.
particulate additives such as dielectric materials and other
oxides (ThO,. Gd.0.. NiO. etc.) are often incorporated in the
metallization to minimize shrinkage mismatch with the dielec-
tric during cofiring by delaying the early sintering of the metal-
lization to higher temperatures so as to more closely match that
of the dielectric.™”® In some cases organo-metallic compounds
of Ru. Rh. Re. Ir. or Pt are added to produce better shrinkage
matches.™”

The metals used in MLC electrodes are usually based on
either pure Pd or mixtures of Pd and Ag. Solid solutions or
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physical mixtures of the metals can be used. As dielectnc tech-
nology has improved. MLC manufacturers have been able o
use lower tiring dielectric compositions 10 manutacture MLCs.
Lower firing temperatures for the dielectrics allow the incorpo-
ration of more Ag into the electrodes. resulting in significant
cost savings.” A common sintering temperature for low firing
dielectrics is 1100°C. enabling use of 70Ag/30Pd electrodes.*

An ongoing challenge for future developments in high-
performance ceramic multilaver capacitors is to reduce the
internal electrode cost and the tired thickness of the dielectric
without sacrificing finished part performance. vield. or reliabil-
ity.*>™™ One way to reduce cost is to deposit less metallization
so as to make the electrodes thinner. However. as electrodes
become thinner. problems associated with electrode continuity
become greater, Combined with the push toward the use of
lower firing temperature dielectrics (fluxed systems) and
relaxor ferroelectrics. potential interactions between the elec-
trode and dielectric become more critical. The interaction prob-
lem is particularly acute for iow-cost base metal electrode
systems (e.g.. Cu and Ni), because the relationships between the
oxidation behavior and potential chemical interactions with the
dielectric have not been thoroughly characterized.

V1. Oxidation of Pd in Ag/Pd Systems

Although the Ag/Pd system is widely used in the thick-film
paste industry. it unfortunately also exhibits a unique probiem.
Specifically, volume expansion due to the oxidation of Pd
(Pd + 10, — PdO) and contraction during reduction of PdO
(PdO — 10, + Pd) can have a detrimental impact on micro-
structure development of not only the metal. but also of sur-
rounding components during sintering and densification.”

In the thick-film hybrid microelectronics industry. the Ag/Pd
system was originally studied for use with both thick-film
resistor components and simple conductors.'** The electrical
resistivity in Pd/Ag thick-film resistors was formed by the
partial or complete oxidation of the Pd to PdO. Early studies
revealed that O. evolving during the reduction of PdO was
responsible for bubble formation in resistor compositions.™’
porosity in conductors.”* and blistering of conductor —
resistor/capacitor interfaces.* Resultant decreases in interfacial
bond strengths.” degraded solderability.” *'** and low-density
conductors limited the widespread use of Ag/Pd in thick-film
applications and eventually led to their replacement by other
thick-film resistor technologies."!

During the processing of MLCs. not only does the volume
expansion associated with Pd oxidation result in internal stress.
but also the reduction of PdO back to Pd creates O, evolution.
This occurs during the initial stages of dielectric sintering when
the multilayer structure is fragile. This volume expansion and
contraction. with the accompanying gas evolution. may result in
delaminations. porosity. or microcracking.”***

In their pure state. the oxides of both Ag and Pd are thermo-
dynamically stable in air at room temperature. For example.
Ag.0 is the thermodynamically stable form of Ag in air below
250°C.*" However. due to kinetic limitations and reducing
conditions during burnout of organics. and rapid densification
of the metallic film during the low-temperature stage of sinter-
ing, Ag.O is not observed in thick-film conductors. In compari-
son. PdO is stable below 800°C (Fig. 4} and is often present
during some stage of the firing process. The temperature at
which Pd oxidizes during heating depends on the local oxygen
partial pressure. heating rate. sintering. the presence or absence
of Ag. and its particle size and surface area. which control the
reactivity."®*’ Figure 8 shows a thermogravim:inc analysis
(TGA) plot of a pure Pd powder heated from room: temperature
to 1000°C in an air atmosphere. It shows that significant Pd oxi-
dation begins 10 occur at about 300°C. with almost complete
oxidation by 600°C. At 800°C the PdO quickly reduces back

to Pd.
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(1) Ag-Pd-O Phase Relations

The oxidation behavior of Pd changes significantly in the
presence of Ag."*** such as in Ag/Pd physical mixtures or
solid solutions thereof. In general. the presence of Ag increases
the temperature at which Pd oxidizes and decreases the temper-
ature at which PdO is reduced. Hoffman pointed out in his
paper on Pd/Ag resistors™ that PdO decomposes over a broad
temperature range (690° to 800°C). depending on the amount of
Ag present. Similarly, Cole* found that increasing the relative
amount of Ag in two-phase powders up to =60 mol% continu-
ously reduced the onset temperature of reduction from 800°C to

as low as 450°C. Pepin*
construct the phase diagr:
ther work was done on
using thermodynamic ca
diffraction (XRD) phase

The Pd oxidation in A

used thermogravimetric analysis to

am for the system Pd/Ag/O in air. Fur-
this system by Wang and Huebner”
lculations and high-temperature X-ray
analysis.

g/Pd alloys is strongly dependent on

the nonlinearity of the thermodynamic activity of the Pd., pyiag)s
in Ag/Pd solid solutions, as well as the Gibbs free energy of the
formation of PdO."™'"* With respect to ideal behavior. the
activity of Pd deviates positively in the Pd-rich region and neg-
atively in the Ag-rich region (Figure 9).'%19" This difference
has been ascribed 1o nonconfigurational contributions to the
thermodynamic properties that are associated with changes in
the electronic structure upon alloying,'0%-108.1
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Fig.9. Thermody namic activin of Pd in Ag 'Pd solid solutions.
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Figure 10 shows the temperature at which a specific Ag/Pd
alloy will be in equilibrium with PdO for a given p, ™ These
phase relations show that for a Ag/Pd solid solution the maxi-
mum equilibrium temperature at which PdO is stable in a
given p,, depends on the initial Ag/Pd ratio of the alloy. For
example. if a 10Ag/90Pd alloy were heated to ~400°C in air. it
would oxidize. If equilibrium were established. the alloy would
be composed of nearly pure Ag mixed with a relatively large
amount of PdO. Upon further heating 1o temperatures
= =3500°C. the PdO would begin to reduce back 10 Pd. with a
continuous decrease in the Ag/Pd ratio as predicted by the
Po, = 0.21 atm curve of Fig. 10. At >795°C the last of the PdO
would disappear, and the original ratio of Ag/Pd would be
established once more. Therefore. the departure point from the
curve depends upon the initial Ag/Pd ratio. This means that as
the amount of Ag ina Ag/Pd alloy composition is increased. the
maximum temperature at which PdO is stable continuously
reduces. In addition. for alloy compositions with =60% Ag, the
reduction of PdO occurs over a broad temperature range. But
for more-Pd-rich compositions. the reduction occurs over a
much narrower temperature range. This is directly related to the
rapid change in the @py »q, that occurs at about the 55Ag/45Pd
composition (see Fig. 9). As also shown in Fig. 10. small
changes in the p,,_decrease the stability temperature of PdO.

(2)  Oxidation Reduction Kinetics and the Volume Change
of Ag/Pd Powders

The equilibrium subsolidus phase relations for Ag/Pd/Q
describe the influence of Ag on the oxidation/reduction behav-
ior of Pd and quantitatively predict the phases present at any
given temperature and p,, .* However. with regard to problems
encountered while using Ag/Pd in microelectronic systems.
the reaction kinetics. i.e.. the path to the equilibrium state. are
the most important factor which must be considered."*'"' The
oxidation/reduction kinetics depend on the form of the Ag/Pd
powders (alloyed or coprecipitated powders). heating rate. ini-
tial Ag/Pd ratio. and surface area of the powders. In this paper.
we define the term “alloy” 10 mean a mixiure of Ag and Pd
which is a single-phase solid solution. “Coprecipitate” refers to
a two-phase mixture of Ag and Pd formed by either coprecipita-
tion and/or mechanical mixing of separate Ag and Pd powders.

The importance of the initial state of Ag and Pd is clearly
seen in Fig. 11."" which shows the difference in TGA results
for 70Ag/30Pd coprecipitated and alloyed powders for a heat-
ing rate of 3°C/min in air. The theoretical weight gain for full
oxidation of Pd in 70Ag/30Pd is 4.5%. The alloyed powder
doesn’t oxidize nearly as much as the coprecipitated powder.
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Sevcral studies have shown that the oxidation of Pd is con-
trolled by oxygen diffusion through the PdQ lavers." """ How-
ever. for both the coprecipitated and alloved powders. full
oxidation usually does not occur. due to kinetic limitations.

The overall oxidation and reduction behavior of a 70Ag/
30Pd coprecipitated powder can be described by the schematic
shown in Fig. 12.'"" Pd oxidation is negligible below 250°C
(region 1). In region 2 the major constituents of the powder are
Ag. Pd. and PdO. Alloying in this region is negligible. due o
kinetic limitations (unless the Ag and Pd were mixed at the
atomic scale). The extent of PdO formation depends on the
heating rate. the initial Ag/Pd ratio. the particle size. and
the powder surface area.'*”*"'*'"* Increasing the heating rate
decreases the total amount of Pd oxidation. Significant amounts
of Pd begin to alloy with Ag above 450°C. with concurrent
reduction of PdO. In region 3. for temperatures >500°C. equi-
librium is achieved rapidly. and the reaction proceeds along the
equilibrium curve between regions 3 and 4: the Ag/Pd ratio
decreases concurrently with PdO reduction. This proceeds until
all of the PdO reduces back to Pd. resulting in an alloy with the
original 70/30 Ag/Pd ratio. The onset temperature of PdO
reduction depends on the extent of Pd oxidation in region 2.
When the heating rate is slow, complete oxidation of Pd occurs,
and the onset temperature of Pd reduction is the temperature at
which point alloying begins, =450°C. If Pd oxidation is not
complete in region 2 due to rapid heating. then alloy formation
will consume the unoxidized Pd first. resuiting in a higher onset
temperature of reduction,

104 . —l
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Fig. I1. TGA analyses of coprecipitated and alloyed 70Ag/30Pd
powders.

Vol 77 No. 12

Figure 13 shows the corollary schematic describing the oxi-
dation and reduction behavior of Ag:/Pd alloved powders.'”
Due to the low diffusivity of Pd in Ag/Pd alloys."" the oxida-
tion rate 1s much slower than those of coprecipitated powders
and is only detectable for temperatures >350°C (region 2». The
extent of oxidation in region 2 depends on the heating rate. the
surface area of the powders. and the equilibrium ratio of the
Ag/Pd alloy. Due to the kinetic limitations at low temperatures
and the equilibrium phases present (Ag(Pd-PdO) at high tem-
peratures, complete oxidation of Pd does not occur. Therefore.
under identical conditions. the maximum amount of PdO for-
mation for alloyed (or solid solution) powders is much smaller
than that of coprecipitated powders. At higher temperatures, as
the PdO reduces. the Ag/Pd solid solution becomes richer in Pd
as more Pd from the oxide is incorporated. and the equilibrium
phases follow the equilibrium line separating regions 2 and 3.
From these considerations it can be seen that the onset tempera-
ture of PdO reduction for alloyed powders is higher than that of
coprecipitated powders.

The expansion of the Ag/Pd film associated with PdO forma-
tion is dependent on not only the extent of PO formation but
also the green density of the powder compact. For the same
PdO formulation, higher green densities of the screen-printed
material will result in a larger expansion of the film. Before the
PdO completely reduces back to Pd. no significant sintering
shrinkage occurs due to surface diffusion. Also. gas evolution
and the lack of significant structural rearrangement cancels out
the anticipated shrinkage associated with reduction. After the
PdO reduces back to Pd. sintering and pore coalescence result
in rapid shrinkage of the film. If the heating rate is too fast. the
rapid generation of oxygen may result in local blistering. and
the subsequent rapid sintering may resuit in a large shrinkage
mismatch between the metal and ceramic. Several studies have
also shown that additions of various materials can inhibit the
densification of high surface area alloyed powders and hence
minimize the shrinkage mismatch with the surrounding dielec-
tric.****'* This powder additive also has the additional benefit
of retaining an open porosity structure for the metal. which will
allow O, to escape as the last traces of PO decompose.

Since heating rate is an important kinetic factor which affects
Pd oxidation.” a heating rate of 50°C/min (similar to the firing
protile that is used for making microcircuit hybrids) allows less
Pd oxidation than the 2°C/min heating rate (typical of the firing
schedules used in multilaver capacitor fabrication). Heating
rates in excess of 100°C/min are often used to manufacture
hybrid microcircuits today (infrared furnace profiles are capa-
ble of heating rates over 600°C/min). Under such conditions.
PdO formation is certainly kineticallv limited. However. in
MLC manufacturing. the slow heating rates used during
multilayer burnout and cofiring require careful control of the
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Fig. 12. Schematic diagram of the oxidation/reduction behavior of coprecipitated Ag/Pd powders.
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Fig. 13. Schematic diagram of the oxidation/reduction behavior of alloyed Ag/Pd powders.

PdO formation to minimize physical defects such as delamin-
ations and cracks.

VIL. Interaction of Ag/Pd with Surrounding Components

A trend in hybrid microcircuits is toward miniaturization.
The proximity of the Ag/Pd metallization with the surround-
ing components increases the potential for mechanical and
chemical interactions during cofiring. The influence of the
interactions on the electrical performance must be carefully
considered.-!'+-1e

Mechanical considerations include expansion and contrac-
tion due to the oxidation/reduction of Ag/Pd conductors.
shrinkage mismatch during firing. and differing coefficients of
thermal expansion (ATEC) during cooling and operation. With
regard to chemical interaction. the formation of undesirable
phases at the interface and interdiffusion of components of the
metallization and the dielectric are the major concems.'"'"*

(1) Chemical Reaction of Ag/Pd with Bi,0,, PbO, or Bi-
and Pb-Compounds

Bi,0, and lead oxides such as PbO are two common constit-
uents in thick-film materials as well as MLC formulations.***1"
In MLCs. they are present in the fluxes which are used to pro-
mote low-temperature densification and to sailor the final. fired
dielectric properties by entering into solid solution with the
dielectric phases during firing at higher temperatures.'" For ter-
minations and fired-on thick-film conductor applications. Bi.O,
and PbO are present in the inorganic glass or oxide binder phase
to enhance adhesion to substrates and are also a sintering aid to
allow the low firing temperatures needed to use Ag/Pd conduc-
tors.*'" In addition. Bi,0, is also a common additive in ZnO
varistors.'* Therefore. understanding the chemical interactions
between Ag/Pd and Bi.O. and Ag/Pd and PbO during firing is
very important for manufacturing reliable, high-performance
electronic ceramics.'*''

Several studies have shown that reaction between Pd and
Bi;O, results in the so-called ~Bismuth reaction.™'**'¥? Wang
and Huebner'” have proposed the phase relations of Ag/Pd-
Bi,0, and Ag/Pd-PbO systems. as shown in Figs. 14 and 15.
respectively. For region 1 in both systems. PdO and PdBi,O, or
PdPbO, are stable. PdBi,O, is a semiconducting material and
crystallizes in the tetragonal structure. with lattice parameters
a = 8.62 Aand c = 5.89 A."* The density of PdBi,0, is 8.93
g/cm’, corresponding to four PdBi,O, formula units in the unit
cell. Muller and Roy'* have tentatively indexed PdPbO, on the
basis of a hexagonal unit cell witha = 10.90 A andc = 4.65 A.
The kinetics of both PdBi.0, and PdPbO, formation are siow.
Taking 70Ag/30Pd as an example. the reaction sequences
below 700°C can be described as follows:
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Overall oxidation reaction

70Ag/30Pd + :0, — PdO + (Ag. Pd). th

For Ag/Pd — Bi,0,

PdO + Bi,0, — PdBi.O, ' ()
For Ag/Pd — PbO
PdO + PbO —s PdPbO, (3

The temperature of PdO reduction (line A) and PdBi.O, and
PdPbO. decomposition (line B) both depend on the Ag/Pd
ratio. The decomposition temperatures of PdBi,O, and PdPbO,
are =35°C higher than that of PdO reduction.

In region 2. Ag/Pd(Bi) forms in Ag/Pd-Bi.O, systems and
Pd(Pb) or PbPd, (an intermetallic compound) forms in Ag/Pd-
PbO systems. Formation of these phases will result in oxvgen
evolution. Ag/Pd(Bi). Ag/Pd(Pb). and PbPd, all have melting
temperatures lower than that of the initial Ag/Pd. In the Ag/Pd-
Bi,0, system, =16 at.% (28 wt%) Bi can be dissolved into the
Ag/Pd alloy. However, in the Ag/Pd-PbO syvstem, the maxi-
mum solubility of Pb is =14 at.% (26 wt%). Increasing the PbO
content (>25 at.%) results in PbPd, formation and the sub-
sequent increase in the Ag/Pd ratio of the remaining alloy.
Importantly. this higher Ag/Pd ratio has a lower melting point.
Taking pure Pd as example, the reaction sequence could be
described as follows:

For Ag/Pd — Bi,0,

PdO + Bi,0,— Pd + Bi,0, + :0, 4
Pd + iBi,0, — Pd(Bi) + 30, (5
For Ag/Pd — PbO

3PdPbO, ~— 3PdO + 3PbO —
3Pd + 3PbO + 10, — PbPd, + 2PbO + 20, (6)

0.14PbPdO, + 0.72PdO —
0.14PbO + 0.86PdO — 86Pd:14Pb + 10, (7)

In region 3 (the Ag-rich region). no reactions occur in either
the Ag/Pd-Bi.O, or Ag/Pd-PbO systems. The bounda-
ries tline C) are located at 45 at.% Pd and 40 at.% Pd. Taking
pure 70Ag/30Pd as example. the reaction sequence could be
described as follows:

For Ag/Pd — Bi.O,
PdBi,O, — PdO + Bi.O, — Pd + Bi,O, + 10, (8)

Pd + (Ag. Pd) — 70Ag/30Pd 9)
For Ag/Pd — PbO
PdPbO, — PdO + PbO — Pd + PbO + 10, (10

Pd + (Ag. Pd) — 70Ag/30 Pd (1

These reactions can have a severely detrimental impact on
the electrical performance of a component. For high-permit-
tivity dielectrics used in multilayver capacitors (MLCs). the for-
mation of low-permittivity phases at the interface will result in
a series capacitance which can significantly reduce the effective
dielectric constant. The formation of low melting temperature
phases and the interdiffusion of components can reduce vield or
reliability by resuiting in a metallic phase which is lower melt-
ing and perhaps will form discontinuous metallizations due to
melting during the firing process.""

Wang and Huebner'** also showed that similar reactions of
Pd with various Bi-compounds. including Bi,Ti,O,.. Bi.Ti.O-.
Biy(Sn0,),, Bi,;TiOy, and (Bi,0,),,(Ba0),,, form either
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PdBi,0, or a Pd(Bi) altoy. The Pd(Bi) alloy exhibits the maxi-
mum solubility of Bi at 16 at.%.'" The Bi-compounds with the
lowest thermodynamic stability react with Pd at the lowest tem-
peratures. If the reaction proceeds at 7 < §35°C. then PdBi.O,
forms. since it is stable up until this temperature. Wang and
Huebner'** also showed that there is a reaction of pure Pd with
Pb-based electroceramics used for capacitor and transducer
applications. Matenals such as Pb(Zr,T1)O,. PbtMg,,,Nb..)O,
(PMN), or PbTiO. lose Pb from their structure as they react to
form a Pd(Pb) alloy. All cases exhibit the maximum solubility
of the Pb. i.e.. 14 at.%."'" The formation of this solid solution
indicates that not only will the conductivity and melting tem-
perature of the electrode be decreased (T,, = 1200°C for this
alloy) but. more impontantly. that the stoichiometry of the
ceramic will be altered. The change in stoichiometry at the
electrode—dielectric interface can significantly reduce the effec-
tive dielectric constant in capacitor and actuator applications.

Similar to the reaction of Pd with Bi,O, and PbO. the reactiv-
ity of Pd with Bi- and Pb-compounds is also dependent upon the
Ag/Pd ratio. For Ag/Pd ratios >60/40, the lower activity of Pd
will greatly diminish the reactivity of the electrode with Pb or
Bi-based dielectrics.

These studies indicate that Ag-rich Ag/Pd compositions will
diminish the extent of the interaction between Ag/Pd metaili-
zations and flux systems or Bi- and Pb-compounds present as an
oxide additive to a thick-film paste or in the dielectric layer of
MLCs. However. high Ag/Pd ratios can be deleterious. due to
Ag migration and lower solder leach resistance. as observed in
thick films in hybrid microcircuits.®™'*! In the case of Ag/Pd
electrodes for MLCs, there is a fundamental limitation to the
amount of Ag which can be used. due to the firing temperature
required by the dielectric. Also. the Ag/Pd ratio after firing may
not be the same as the initial ratio, due to diffusion and/or evap-
oration of Ag."*® Another consideration is the local Pd activity.
which may be very high at an interface in which PdBi,0, or
PdPbO. decomposes to form PdO. which immediately reduces
to Pd.

Finally, it is worthwhile to note that Ag/Pd also reacts with
both bismuth-containing (Bi~-Sr-Ca~Cu-O systems) and non-
bismuth-containing superconductors (YBCO systems) at high
temperatures.'**-'* For bismuth-containing superconductors,
the reactions of Bi and Pd are expected to proceed similar to the
reactions as mentioned. For non-bismuth compounds. the Ba
and Cu of the YBCO compound were reported to react with the
Pd 1o torm a bodv-centered cubic phase Ba(Pd.Cu)O,. CuQ was
also found as a product of the reaction. Also. Ag and Pd have
been reported as common dopants of the superconductors.
which increase the critical current density of the sintered

bodies."**'%*
(2) Interaction of Ag/Pd with Sn/Pb Solders

Thick films are widely used in hybrid microelectronics. Sol-
der joint reliability between the thick-film conductor and solder
joint is crucial. Three important parameters must be considered:
(a) thick-film solderability, (b) solder leaching resistance. and
(c) aged adhesion. ™"

Generally. Ag/Pd thick-tilm conductors are soiderable. How-
ever. ~oor solder wetting may occur when the metal surface has
beer ¢ontaminated externally or internally. such as with organic
resi.: s, inorganic salts. or through Pd oxidation (when the Pd/
Ag atio is high).*"* Thick-film conductors that contain large
amounts of glass frit are also difficult to solder.'"

Silver will dissolve in Sn/Pb solders. Silver leaching is more
serious with increasing Sn content in the solder. For this reason.
Ag is sometimes present in the solder composition to decrease
Ag loss from the thick film. Thick-film conductors with higher
Pd/Ag ratios have higher solder leaching resistance. but at the
expense .. reduced electrical conductivity and. in the case of
extreme icvels of Pd. decreased solderability.*”* Thus. in the
fabrication of multilayer substrates, higher Pd/Ag ratios are
used as a top conductor or for the solder pads. For higher con-
ductivity. the inner conductor layers generally contain Ag paste.
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The solderability and solder leach resistance cuan aiso be modi-
fied by varying the inorganic binder leve], **

A significant degradation in the adhesion strength between
solder and metal as well as metal and ceramic intertaces oceurs
after thermal aging at temperatures greater than 125°C. The fail-
ure mechanisms have been studied by several researchers in the
past two decades.®'"~' They concluded that the failures were
due to two sources: (1) the interdiffusion between the solder
and the Ag/Pd conductor during soldering. with subsequent tor-
mation of intermetallics (Pd.Pb). and (2) formation of other
phases during thermal aging such as Pd.,Sn. Pd,Sn, Pd.Sn..
PdSn. Ag,Sn. and Ag.Sn."*""*' The swelling in the conductor
film due to the volume change associated with intermetallic
compound formation (Table IV) decreases the adhesion
strength between Pb/Sn solder and Ag/Pd termination. Addi-
tional decreases in the adhesion may be due to the redox reac-
tion that occurs at the conductor grain boundary:'"

3Bi,0, + 35n — 3Sn0, + 4Bi (12)

This reaction weakens the glass network within the sintered
metal and disrupts the bond between conductor and substrate.

(3) Metal-Organic Interactions

Among the transition metals, Ag and Pd are well-known
catalysts and hence are used to catalyze oxidation. decomposi-
tion. or hydrogenation reactions used for synthesizing for many
organic chemicals."*"'** Since both metals and organics are
major constituents in thick-film conductors, possible metal-
organic catalysis reactions are another factor which must be
considered when formuiating and firing Ag/Pd thick-film con-
ductors. This mechanism of failure and detrimental reactions
can usually be considered negligible. however. owing to the
low surface areas of the metal powders used in the thick-film
formulation. However. in some cases additions of small
amounts of high surface area Pd and/or Ag may be done. and
catalysis during burmout and firing becomes a factor in overall
thick-film composition performance. Catalysis of the organics
by the Ag/Pd during burnout is detrimental to the cofired
multilayer structure. because it can generate hot spots from
the exothermic reactions in the electrode regions and cause
rapid evolution of gases through the decomposition of the
resins.'**'* These can rupture the metallization—ceramic inter-
face, especially since the multilayer structure is still weak
during burnout.'*’

Catalysts usually act by chemisorbing one or more of the
reactants, and it is the subsequent perturbation of the electronic
and geometric structure of the molecute which leads to the cata-
lytic enhancement in the reaction rate. The catalytic action of
the metals is dependent on particle size. surface area. and sur-
face structure of the metal. These factors determine the area of
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virgin metal surface available for reactant adsorption and
change the effective heat of adsorption for the reactant. The
more active the sites on the surfaces. the higher the metal-
organic reactivity."* Therefore. the me(al-o;gamc catalysis
reaction can be minimized or eliminated by tailoring the pzinl-
cle morphology parameters. In Ag/Pd thick-fiim f;roducu'on.
several methods are generally used to minimize metal-organic
catalysis. These are (1) avoiding extremely small paniclg size
and high surtace area Ag/Pd powders. (2) passivating the metal
surface to reduce the metal-organic reactivity, #5147 (3) reducing
the amount of residual organic resins contained in the paste
vehicle. and (4) reducing the P, at low temperatures during fir-
ing, which can limit the reaction.

(4)  Diffusion and Loss of Ag During Firing

Silver diffusion and silver volatilization during firing can
occur in cofired thick-film systems as well as in MLC electrode
systems.'**"* This is especially true for pure Ag or high Ag/Pd
ratio metallizations. In a thick-film multilayer package, bulk
diffusion of Ag can occur if the multilayer dielectric is porous
and undergoes many firing cycles. The penetration of Ag into
the ceramic can be detrimental to the electrical performance of
the dielectric layer. As a termination for thick-film resistors,
Ag or Ag/Pd may result in a lower resistance compared with
other terminations."**** This is due to Ag diffusion into resistor
materials (oxide and glass binder) and precipitates as metallic
Ag particles. It is known from the literature that Ag is quite
soluble in a wide variety of glasses and oxides and that it often
can be precipitated from solution by thermal treatment.'*' Silver
has much higher solubility in borosilicate glasses (=0.45 wt%)
than that of Pd (~0.03 wt%). Most of the Pd exists in the
insoluble metal form. with only a small fraction of the Pd
present. because the Pd** ion dissolves in the melt. However,
studies have shown that Ag and Ag” coexist in borosilicate
glass melts 133138

In the cofiring of MLC capacitors. Ag is known to interdif-
fuse with perovskites. thereby affecting microstructure devei-
opment and electrical performance.'” Chu and Hodgkins'"*
reported that diffusion of Ag into the ceramic affects grain
growth. Maher'*” and Ikushima and Hayakawa'* reported that a
small percentage of Ag was soluble in BaTiO, and PLZT. sub-
stituting onto the A site. When BaTiO,-based ceramics were
cofired with buried Ag-containing electrodes. the Ag was found
to behave as an acceptor dopant and hence improved the stabil-
ity of capacitance with temperature and applied voltage. but
decreased the dielectric constant. Several studies found that Ag
preferentially migrates along the porosity or grain boundary of
PZT.'"*'*" and Murty ¢ al.’ showed that Ag substitution into
PZT at high temperatures resulted in diminished piezoelectric
properties. All of these reactions will effectively reduce the

Table IV. Calculated Volume Changes due to Conductor/Solder Interactions

% vol change

Lattice with respect
parameters Density to
Component Structure Ay (g/cm's pure Ag or Pd
Ag Cubic a = 4.0857 10.50
Pd Cubic a = 38839 12.01
Pd.Sn Cubic a =388 12.45 23
Pd.Sn Orthorhombic ¢ =8.110 9.10 118
h = 5.662
¢ =4234
Pd.Sn, Hexagonal a = 4.390 9.79 1129
PdSn Orthorhombic a = 3.86 10.03 24
bh=6.12
¢ = 631
Pd.Pb Cubic a=43024 13.41 47.7
AgSn Orthorhombic a = 2995 9.94 233
b = 5519
¢ = 4781
Ag.Sn Hexagonal a = 2966 10.03 36.7

-~

4.782
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Ag/Pd ratio. making the electrode richer in Pd and therefore
more susceptible to detnmental Pd-based reactions.

The vapor pressure of Ag (P,, = (.1 mmHg. at 1 100°C) is
very high compared with that of Pd (P,,, = 0.00001 mmHg).'

In MLC capacitors. loss of Ag during processing is trom diffu-'

sion along interal electrodes followed by evaporation through
the edge. or from ditfusion directly through the edges. The sil-
ver loss changes the Ag/Pd ratio. especially near the edge.'** If
the metallization is thin, then compensation of Ag from the
inner central region may not be sufficient. The result is that the
excess silver volatilization increases the resistance of the elec-
trodes due to enrichment in Pd and creates poor electrode-to-
termination contacts. This can result in lowering of component
capacitance and higher dissipation factors. especially at high
frequencies where the electrical resistance of the electrode is a
key factor in electrical losses. Additional degradation can come
from electrode discontinuity and a reaction of Pd with bismuth
or lead oxides as discussed previously.

The diffusion and loss of Ag can be minimized by decreasing
the Ag/Pd ratio. Larger Pd/Ag ratio alloys have higher melting
temperatures and reduced silver mobility. Since the vaporiza-
tion of Pd is four orders of magnitude smaller than that of Ag,
both the bulk diffusivity and vapor pressure can be greatly
reduced by Pd addition. but with higher costs for the metals por-
tion of the conductor. Another approach is to design the dielec-
tric or glass composition to limit the Ag solubility level. For
instance. some critical components. such as boron oxide. can be
minimized: B,O, forms solid solutions with Ag. In some cases.
the glass-ceramic could be designed 1o crystallize rapidly on
firing to give high levels of crystallized filler. This crystallized
glass reduces the dissolution tendency of Ag due to the low
residual glass concentration.'**

(5) Electrolytic Ag Migration

Silver migration can occur between closely spaced conductor
lines on a microelectronic circuit. or between interdigitated
electrode layers in multilayer ceramic substrates. Silver migra-
tion causes reduction of the insulation resistance. an increased
leakage current. and eventual electrical shorting or dielectric
breakdown."™** The failure mechanism is electrolytic diffu-
sion of Ag ions under the influence of an electric field. This dif-
fusion causes the growth of acicular or dendritic Ag at the
cathode. which migrates through the ceramic grain boundaries
or ceramic surfaces and eventually causes a short on contact
with the anode.'™'*" A water-drop test is the most effective and
common method to determine the rate of Ag migration. Several
factors which may affect the rate of Ag migration are indicated
in Table V.'"

Several techniques are used to minimize silver migration.
One is to avoid the use of pure Ag or high Ag/Pd ratio alloys in
the thick-film pastes. The rate of Ag migration generally
decreases with increasing Pd content in the Ag/Pd conduc-
tors.'"*'* However. the glass components in the thick-film con-
ductor. as well as the processing of the paste. can have a
significant influence on metal migration susceptibility. regard-
less of Pd content. An additional method is to encapsulate the
fired tilm with an organic coating or a glaze laver to prevent the
moisture condensation or ionic contamination on the sur-
face.”™ '™ Since surface migration of Ag is the main failure
mode in dielectric crossover structures. this failure mechanism
can be avoided by completely covering the bottom conductor

Table V. Factors Which Affect th+ Rate of Silver Migration

Level of relative humidity

Presence of ionic or hydroscopic contaminants
Porosity of the dielectric or substrate

Spacing between the conductor lines or electrodes
Nature of the encapsulant

Time under bias

Magnitude of the dc field gradient
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with a dielectric layer.* Glaze-coated and sealed MLC capaci-
tors not ontly isolate the component trom vutside contamination.
but also inhibit the gas formation at the electrode that accompa-
nies oxygen vacancy transport. With the electrolytic reaction
suppressed by the hermetic sealing, oxygen vacancy migration
is minimized. A final method is to make the fired dielectric
microstructure as dense and pore-free as possible."* This not
only electrically isolates the internal Ag conductors from each
other. but also protects them from the external environment.

(6) Battery Effect

Many of the components in a hybrid circuit need to be wire
bonded on the top layer. This necessitates the use of Au for the
top layer. while Ag or Ag/Pd is used for the inner layers of the
circuit. Using these dissimilar metals in a hybrid circuit can lead
1o the so-called “battery effect.""™'" which can result in a
delamination or blistering of one of the conductor layers during
firing. Although the exact mechanism has not been established.
consensus is that the structure mimics a galvanic cell consisting
of a gold anode. a silver cathode. and the “molten” ( ionically
conducting) dielectric as the electrotyte. The observed result of
the battery effect is blistering or delaminations. This suggests
that gas is formed at interfaces, most likely O,. during cofiring
as a result of the electrolysis from the generated EMF. The
gases, however, do not escape before densification occurs and
are trapped within the multilayer strucwre. resulting in the
bloating of the thick film as seen in the dilatometer work
described earlier. The battery effect is usually not observed if
the top layer and inner layer metallization are connected by
a vias.'™

VIIL.  Sintering Behavior of Ag/Pd Metallizations

Several researchers have investigated the sintering of pure
Ag. Similar to other face-center®® cubic metals. self-diffusion
of Ag at high temperatures takes place by a lattice vacancy
mechanism.'” Based on the diffusion coefficients and activa-
tion energies. the rate-controlling mechanism changes from lat-
tice diffusion to grain boundary diffusion at ~750°C.'™

The sintering of pure Pd in air is more complicated than that
of Ag. because of the formation of PdO surface lavers on the Pd
powders between 300° and 800°C.'™'" The oxide surface laver
influences the mass transport process during sintering. Below
the PdO dissociation temperature. Pd sinters with a dominant
surface diffusion mechanism. With the presence of an oxide
layer. Pd sintering is characterized by neck formation. lack of
densification. retarded grain growth. and an activation energy of
58.9 k}/mol."”>™ When Pd sinters under vacuum or in a reduc-
ing atmosphere (below the p,,_for PdO surface layer formation)
at temperature <800°C. it sinters by grain boundary diffusion
with an activation energy of 132.9 kJ/mol. For the temperatures
between 800° and 1000°C. Pd sinters by grain boundary diffu-
sion independent of the atmosphere. At high temperatures. lat-
tice diffusion with an activation energy of 266 kJ/mol controls
the sintering.'™

For Ag/Pd alloys. Nachtrieb'™ found that when up 10 20% Pd
was added into Ag. the activation energy was virtuatly constant
and only the preexponential constant of the Arrhenius expres-
sion was changed. This condition predicts that the initial sinter-
ing of Ag/Pd powders will follow a grain boundary diffusion
model below 750°C. They also found that the self-diffusion rate
of Ag declines with Pd additions. but that the diffusion
rate of Pd in Ag/Pd is an order of magnitude lower.'"* Hence. it
can be expected that Pd particles will consume Ag panicles.
resulting in Pd particle growth and voids formed when the Ag
is removed.

The sintering of termination and fired-on thick-film Ag/Pd
conductors proceeds along very difterent lines than for internal
metallizations.”™*"'*"*** The formulations of termination and
fired-on thick-film conductors incorporate glass to torm a bond
between the céramic and the metal film. The addition of
oxides components which may or may not react with the glass
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phase 10 alter the glass composition is also common. The glass
phase in pure Ag or Ag/Pd conductors acts as a liquid phase
during sintering. The sintering process. thus. is regarded as
liquid-phase sintering.”*"™ In addition. the solution—reprecip-
itation of Ag or Ag/Pd in the glass enhances the densification.
The sintering mechanism may be complex if the glass extent
exceeds certain limits or the glass is inhomogeneously distrib-
uted. In such cuses, viscous sintering. liquid-phase sintering.
and solid-state sintering must be taken into account.

Yamaguchi. Chung. and co-workers™'***' performed a
detailed sintering study of Ag thick films with glass added.
Borosilicate glass systems. common glass in the thick-film
industry. were used. They concluded that. compared with pure
Ag. the densification of Ag glass thick film takes place at lower
temperatures. The Ag particles grow in glass by the Ostwald
ripening mechanism controlled by diffusion between 600° and
900°C."* For extremely high glass contents (>30 vol%). the Ag
particles became separated during sintering. and the final tilm
resistivity increased due to poor connectivity of the Ag parti-
cles.”® Addition of Pd retards the Ostwald ripening of Ag.'™
This is due to the decrease in solubility of Ag in glass caused by
the formation of Ag/Pd solid solutions. The densification
behavior of Ag is strongly dependent on the particle size. sur-
face area. and degree of agglomeration of the Ag powders. In
addition. it is also affected by the viscosity. softening point. and
weittability of the glass.

Cole™® studied the sintering behavior of 80Ag/20Pd film
and concluded that the sintering also proceeds according 10
solution precipitation at metal sites containing lead bismuth
borosilicate glass. At sites with no glass, grain boundary diffu-
sion controlled the sintering. He also reported that a typical
glass wets the ceramic far better than it wets the metal. This
knowledge provides the information needed to largely under-
stand the final structure of a glass-added film. The small Ag/Pd
particles form agglomerates and sinter rapidly into larger parti-
cles forming grain boundaries with their neighbors. While this
grain growth is occurring. the glass begins to migrate from the
inside of the film to the free surface or to the film/ceramic inter-
face. The glass both wets the metal and the ceramic and forms a
bonding zone between metal particle and ceramic.”""* The
migration of glass must be precisely controlled. Otherwise.
glass on the surface may retard solderability in the case of con-
ventional thick-film conductors or cause plating problems in the
case of MLC termination compositions.'* In addition. excess
glass migrating into the interface may result in a series resis-
tance. Sometimes. the glass may also penetrate into the ceramic
along grain boundaries or through porosity. Glass infiltration is
usually detrimental to the electrical performance.

Sintering of Ag/Pd films on Al,O, substrates as well as on
multilayer ceramic structures proceeds differently from simple
bulk sintering due to the constraint of a rigid substrate. '
Understanding the phenomenon of constrained-film sintering is
very important for eliminating the problem of registration
retention in thick-film hybrid circuit during firing and reducing
the flaws in the multilayer ceramic struciures during cofiring.
{n both cases. the panicie characteristics of the powders. the
uniformity of the green microstructure. and the glass or oxide
additives in the film have overwhelming effects on control-
ling the densification process and evolution of the sintered
microstructure.

For constrained sintering of a Ag/Pd film attached to a sub-
strate. shrinkage can occur in the direction perpendicular to the
plane of substrate if the tilm remains attached to the substrate
and does not crack. The substrate exerts a tensile stress on the
Ag/Pd film at the interface between them. which balances the
sintering stress acting to produce in-plane shrinkage in the
film.'™ The tensile stresses generated reduce the driving force
for sintering. Therefore. the densification rate of the constrained
film is always less than that of the free film. The stress devel-
oped in the plane is relaxed by creep or high-temperature defor-
mation due to the presence of the glassy phase. Process defects
such as cracks are not observed. Due to the low green density of
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the compact. the onset temperature at which grain growth
begins for the Ag/Pd film is lower than that for bulk matenals.
For constrained sintering of metal-ceramic multilayer struc-
ture. the laminated body shrinks in the X~V directions as weil as
the Z direction. Minimizing the sintering shrinkage mismatch
between the Ag/Pd and ceramic is very important for control-
ling the multilayer dimension and eliminating process flaws.
such as delaminations. bowing. blistering, and crazing.'**'"
The shrinkage mismatch may inciude the mismatch in the onset
of sintering temperature, the densification rate. and the total
shrinkage between the Ag/Pd and the ceramic. Usually the
metal film starts to sinter at lower temperatures, and its densifi-
cation rapidly reaches a considerable extent. However. the
ceramic tape generally sinters at higher temperatures. and most
shrinkage occurs at soaking temperatures. The total shrinkage
of the ceramic is generally larger than that of metal. The shrink-
age mismatch can potentially create a tensile stress in the region
which sinters faster and shrinks more. Therefore. the stress can
be developed in the early stage of sintering. As stress in the fitm
exceeds a critical level, process flaws will be generated.

IX. Parameters Which Affect the Final Film Properties

Depending on the application. requirements for good con-
ductor film properties generally involve a high conductivity.
good line resolution. smoothness. a high density. low metal
consumption rates. good fired adhesion. good unfired strengths
and toughness. and good bondability.'""* All of these require-
ments must be met in a film that also has matched thermal
expansion and sintering shrinkage. These film properties are
controlled by several parameters. including constituents of the
paste. physical characteristics of the metal and additive pow-
ders. paste rheological properties. overall processing proce-
dures. oxidation of the metal. and interaction of the Ag/Pd with
surrounding components. Many of these factors are interre-
lated. The last two parameters are determined when the other
parameters are tixed. In the following section. the initial param-
eters will be discussed.

(1) Constituents of the Ink

The three general types of thick-film Ag/Pd pastes can be
classified by their end use: internal metallizations. end termina-
tions. and fired-on thick-film conductors. Regardless of their
application. all pastes consist of four generic ingredients: the
Ag/Pd which serves as the functional conductor. a solvent. a
temporary binder. and a permanent binder."”

(A) Ag/Pd Powders: Two Kinds of Ag: Pd powders are
used: (1) coprecipitated or physical mixtures. and (2) alioyed or
solid solutions. Coprecipitated powders are usually a physical
mixture (two phases) of distinguishable pure Ag and pure Pd.
with only slight solid solution between the phases. These pow-
ders are usually produced simultaneously by chemical copreci-
pitation from an agueous solution of Pd and Ag salts.™ Alloyed
powders can be produced by similar chemical coprecipitation
followed by heating in an inent atmosphere. Therefore. a
Pd-coated Ag powder. another form of two-phase Ag/Pd pow-
ders. was developed to ensure good dispersion. This power is
prepared by growing Ag nuclei from an Ag salt solution. fol-
lowed by precipitating Pd onto these nuclei in a Pd salt solution.
Figure 16 shows the SEM micrographs of mono-size pure Pd
and 70Ag/30PD powders {Pd-coated Ag powders.

The ratio of the Ag/Pd which is used is dependent on the
conductivity desired. the firing lemperature. and the soldering
characteristics.” With increased Pd content. the melting tem-
perature and the solder leaching resistance are increased. The
conductivity of the tilm depends on the Ag/Pd ratio, as indi-
cated in Fig. 17. and the glass extent.™ ™" Higher Pd contents
also increase the Pd oxidation tendency as well as the Bi and Pb
reactions previously discussed.

Formation of PdO during firing can result in blistering and
delamination due to gas evolution and volume changes. respec-
tively. PdO also inhibits the densification and grain growth pro-
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Fig. 17. Bulk electrical conductivity and linear thermal expansion of
the Ag/Pd system.

cess during sintering of Ag/Pd powders. Therefore, it is often
necessary to avoid or at least control the oxidation and reduc-
tion process. However. Maher**** suggested a possible advan-
tage to preoxidation of an alloy powder prior to its use as an
internal metallization. A continuous PdO coating is formed
which could decrease the shrinkage mismatch and the change in
weight during multilayer ceramic cofiring.

(B} Inorganic Binders: The main functions of the glasses
or fluxes used as inorganic binders are to enhance the adhesion
between the metal and ceramic. provide lower sintering temper-
atures for the metal. and control (or usually minimize) the metal
sintering shrinkage in firing and thermal expansion mismatch.™
Adhesion is not often a problem for internal conductors in MLC
capacitors and multichip modules: the purpose of an inorganic
binder is to minimize the shrinkage mismatch.'** since the metal
powders generally densify at a much lower temperature than
that of the cotired dielectrics, and to increase the performance
of the fired film.

For intemal metallizations. incorporation of refractory
oxides. such as ThO, and Gd,0, as reported in the patent litera-
ture.™ not only inhibits excessive sintering of metallization dur-
ing firing but also enables reduction of the thickness of
electrode with acceptable capacitance parts. Addition of oxides
or the same dielectric powder used in the body of the capacitor
(<15%) into the electrode paste has the benefit of better sinter-
ing shrinkage and thermal expansion match. easier burnout of

(b)

Fig. 16. SEM micrographs of (a) pure Pd and (b) 70Ag/30Pd (Pd-coated Ag) powders.

organics. and better mechanical integrity.™''? To enhance the
dispersion of oxide additives in the electrode paste, they can be
added either as ceramic coating on electrode particles or as
metal coating on dielectric particles. Using a small amount of
nonprecious metals or their oxide as additives (such as
NiQ),** the metallization was shown to have better electrical
conductivity and stability. However, the high reactivity of these
oxides with the dielectrics at high temperature is deleterious to
the electrical performance of dielectrics. In some cases. organo-
metallic compounds of Ru. Rh. Re. Ir, P1. Al. Si. Mg, Pb. Ca.
and Zn with an alkyl or aryl organic moiety are added to pro-
duce a highly dense metal surface structure and better shrink-
age match.™™

All of the Ag/Pd thick-film conductors used as terminations
as well as fired-on conductors for microcircuits contain glasses
1o provide adhesion and lower the firing temperature.™ Almost
any low melting glass with a low alkali content can be used.
High-lead glasses are common. The glass must also be chemi-
cally and thermally compatible with the adjacent components.
such as thick-film resistors. crossovers. and dielectrics.”™ When
good solderability is required. bismuth oxide and borosilicate
glass is used. since it is compatible with Sn/Pb solder.”'*!

Depending on the chemistry of the glasses. three types of
bonding can occur between Ag/Pd and the ceramic.™ " These
are glass bonding. reaction bonding. and flux bonding. For
glass-bonded systems. typically 2-10 wt% lead borosilicate. the
glass generally migrates to the ceramic/metal interface during
firing due to wetting.***' In addition to chemical bonding. the
glass provides a mechanical interlock between the different
phases. However. good adhesion must be made without intro-
ducing an appreciable thickness between the metal and ceramic.
At excessively high firing temperatures or long soak times. in
addition to forming a continuous film between the glass and
ceramic. the glass may also float to the conductor surface. The
glass on the surface can result in poor solderability. The contin-
uous glass film in the interface may mechanically provide a
propagation path for cracks and. from that. electrically form a
blocking contact.”** In addition. high loading of this type of
glass also produces line spreading and ultimately poor line
densities.”'*

Reaction-bonded system
such as CuO and CdO (0.:

-1 adhesion using additives
“¢) added to the paste. They
form intermediate compo ih AlLO, at the peak firing
temperature.”'*'* An adva: .» that a lesser amount of addi-
tive is typically needed. . ucnieve optimum adhesion. it is
often necessary to fire reaction-bonded conductors at higher
temperatures than glass-bonded conductors. However. if the
additive dissolves in the glass. its effectiveness will decrease
drastically. because it will become more difticult for the addi-
tive to reach the substrate. In addition. if the oxide meits before
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the peak firing temperature. these additives will not work well.
The additive must be stable in the sintering atmosphere at the
firing lemperature.

For a flux-bonded system. 1-5 wi% of an oxide is added.

which can form a liquid phase with the ceramic. For instance.
Bi.O, is often used because of the eutectic liquid formation of
Bi.O.-Al.O, at 820°C.*"" Good adhesion is provided if the lig-
uid phase wets the metal. However. this type of glass may also
generate line spreading and weaken the substrate.
" Interactions between the glass and the ceramic may not
always be desirable. For instance. the reaction of Bi,O, in a Ag
paste with TiO, ceramic results in the formation of Bi,Ti,O- at
temperatures as low as 600°C. This interfacial layer reduces the
dielectric constant and dissipation factor of TiO, ceramics.”® It
may also act as a nonohmic barrier layer between the Ag elec-
trode and n-type TiO, or semiconducting BaTiO, ceramic.
Altemnatively, if the substrate is fired numerous times due to the
complexity of the circuit. the Bi,O, may react with the binder.
Crossover, Or resistor pastes to cause open circuits in resistors or
short circuits in crossovers.™

An important consideration when choosing a glass formula-
tion is the softening point. A high softening point is desirable so
that all of the organics from the paste vehicle are burned out
before the glass melts.**” If an organic remains. it will be
trapped by the glass when it softens. Entrapped carbon often
leads to the formation of blisters in the final film.*® A high soft-
ening point glass can also help match the thermal expansion of
the ceramic. On the other hand. a low softening point allows for
glass to wet the metal particles and begin sintering at lower tem-
peratures.”*' In this manner the metal particles are bound to
the ceramic, which can minimize the X-Y shrinkage and the
open porosity in the film.

Other desirable properties of a thick-film conductor glass
include a low viscosity. high density. and low surface tension.
Low viscosities result in good capillary souaking of the particles.
A high density helps the glass flow downward to the substrate to
aid in bonding to it. A low surface tension promotes good wet-
ting of the metal particles and ceramics. Wetting of the ceramic
surface is a key factor involved in good conductor adhesion.
Low wetting angle oxide additions (e.g.. Cu,0, V.O,. and
WOQ,) are usually added in lead or bismuth borosilicate
glasses.™"!

(C) Vehicle: The chief function of the screening vehicle
is to maintain the inorganic particulates in a desirable state of
dispersion and to allow easy transfer of the paste through the
screen and onto the substrate without paste spreading.” In gen-
eral. it requires a polymeric binder and a solvent. Other organ-
ics. such as wetting agents. defoaming agents and viscosity
modifiers can aid in processing. Thick-film conductor ink com-
~-ositions are formulated to exhibit pseudoplastic flow behav-

.3 These repond to shear with a decrease in viscosity and

.cover to high viscosity on cessation of shear.**

General considerations for resin and soivent systems include
+heological response, paste operation lifetime. drying rate. long
shelf life. low toxicity. chemical inertness (to preclude reactions
with the screen or solids), a small change in viscosity with
change in temperature, and solubility and compatibility with
other solvents for easy cleanup.® Other criteria for the selection
of the vehicle systems may be used to optimize the thick-film
paste for specific applications. For tired-on thick-film paste.
print-line resolution and high squeegee speed capability are the
critical factors. For MLC terminations. important issues include
conformal coating thickness (including edge. side. and comer
coverage). dipped band shape and appearance (peaking or sag-
ging). and chip wetting by the paste. The pseudoplastic nature
of the termination compositions is often modified with flow
control agents to obtain better edge coverage and cosmetics.
For internal electrodes. the vehicle in the paste has a direct
effect on the tendency of the electrode to cause delamination. A
good vehicle should have easy organic removal during bumout.
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minimum or zero reactivity with the binder in the dielectric sub-
strates. minimum metal-organic catalvsis reaction. and lower
tendency toward delamination.

The solvent of the vehicle serves to disperse the other organ-
ics homogeneously throughout the paste. The solvent should
evaporate slowlyv at ambient temperatures to ensure long resi-
dence times on the screen during use. but must dry easilyv at ele-
vated temperatures to provide films with sufficient green
strength to withstand normal handling. Solvents with a vapor
pressure of <0.2 mm Hg at 20°C and boiling points in the range
of 200° 1o 300°C at 760 mmHg are generally used in vehicle
formulations.”” Common solvents include terpineol. pine oil,
dibutyl carbitol, turpentine oil. 2.2 4-trimethylpentanediol-1.-
3-monoisobutyrute, 1-methyiethylene giycol butyl ether. butyl
carbitol acetate. dibuty! phthalate. aromatic hydrocarbons.
ethylene glycol ethers, diethylene glycol ethers, and their ester
derivatives.**

The binder gives the film mechanical integrity after solvent
evaporation. A binder with polar groups on the polymer chain
helps maintain adequate dispersion of metal and glass particles.
The binder should provide good viscosity build at low concen-
trations and burn out cleanly during the early stages of the
thick-film firing circle. Common binders include ethyl cellu-
lose, hydrogenated wood rosin. polyacrylates. polymethacry-
lates. methacrylic acid ester, polyesters and polyolefins. ="
Among these, cellulose and cellulose derivatives are the most
widely empioyed. since they are readily soluble in hydroxylic
and some aromatic type solvents. One of the simplest vehicle
systems is a cellulose derivative in terpineol.”*

The binder content of the paste has a direct effect on the ten-
dency of MLC electrodes to cause delaminations. Reduction of
the amount of resin in dried electrode prints has a number
of benefits. Less binder in the dried electrode print results in
easier organic removal during burnout and of course also
reduces the amount of resin available for metal-organic cataly-
sis reaction.'’

Viscosity modifiers are added to the ink to alter the viscosity
level of the organic mixture to that desired for screen printing.
Common viscosity modifiers are castor oil derivatives.” Wet-
ting agents help the organic mixture coat the collection of pow-
ders and help 10 achieve good metal powder dispersability.
Wetting agents are also used to achieve a good bond between
the inorganic particulates between the composite and substrate.
Typical wetting agents are sova lecithin. triethanolamine. cya-
noquanidine. phospholipids. and phosphate esters.**

Surfactant agents prevent agglomeration and assure a good
particulate dispersion through surface charges. Exampies of
surfactants are amine soap amphoteric surfactant, linoleic acid.
oleylamine. N-alkyl-1 3-diaminopropane dioleate. carboxylic
acid salts, and mono- and dialkylethoxylate esters of phos-
phoric acid.”**" In termination inks. hardening additives are
sometimes added. They are usually low molecular weight. brit-
tle materials such as those derived from wood extraction.

In addition to metal-organic catalytic reaction. another chem-
ical reaction must be considered during selection of any organic
additives. For instance. if terephthalic or furoic acid are used as
flow-controlling agents. they would react with basic metal
oxides (inorganic additives) such as Bi.O, in the paste. This
reaction will result in an increasing viscosity over time.’

Any organics used in the intemal electrode must be compati-
ble with those used in the dielectric ceramic green tapes.
Organic solvent-binder systems are commoniy used in both
dielectric slurries and thick-film pastes. The major advantage of
organic solvents is the wide range of vapor pressures and boil-
ing points of solvents available. which allows for tailoring of
the rheological characteristics to match any application. Despite
the narrower range of water-soluble binders. the use of water-
based binder systems for the tape casting of dielectrics used in
MLCs is of increasing interest due to economic. safety, and
environmental reasons.>**~*’ Thus. development of vehicle sys-
tems which are water-based is going to be a potential research
area.
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(2) Characteristics of Metal Powders

Palladium and Ag powders can be prepared by several meth-
ods. such as chemical precipitation. powder metallurgy. and
electrolytic reduction. Usually they are prepared bv precipita-
tion from aqueous solutions of Pd and Ag salts te.g.. AgNO,
and PdCl.). The precipitation conditions and any postprecipita-
tion treatments determine the powders morphology. surface
area. particle size distribution. and tap bulk density.*" These
parameters directly and indirectly affect the ink ‘s properties and
thus the ultimate performance of the thick-film conductors.-™
For example. the'Pd particle size and surface area affect resisti-
vity, aged adhesion, and solderability of thick-film conductors,
These effects are attributed to the alteration of the rate of PdO
formation: i.e., coarse Pd oxidizes more slowly.

(A) Morphology: The Ag/Pd morphology directly affects
the sintering of the film, but also indirectly affects final film
properties such as solderability. adhesion. and electrical proper-
ties.* Surface morphologies for the Ag/Pd powders include
spherical, flake. nodular. acicular. and dendritic powders.>*
Among them, spherical and fiake are the most common
accepted for use as thick-film materials. Nodular powders usu-
ally have a low surface area. However, the surface irregularity
and wide panicle size distribution promotes uneven sintering
during the firing stages. which ultimately leads to poorly
defined conducting layers. Dendritic powders can have good
sintering characteristics and lead to strong coherent layers due
to the formation of mat-type structures during printing. How-
ever, these mats can result in screen blockage. which makes the
powder of little practical use.

Flake powders are commoniv used in termination inks
and thick-film conductors.***' They can be prepared by ball-
milling or fluid-energy-milling the Ag/Pd powders or can be
directly precipitated as flake morphology from the solution.
Flake powders are known to produce low-viscosity formula-
tions and allow for high solid loading of thick-film paste
compared with that of spherical particles. Flake powders can
provide good rheology for termination to prevent sagging as
well as peaking. But flake powders tend to produce gelation.
which reduces the screenability. Powder morphology also
affects the sintering of the Ag powder with or without glass
addition. For pure Ag. flake powders densify at temperatures
higher than that of spherical powders. With addition of glass
frits. the densification of flaky Ag starts only above the soften-
ing temperature of the glass. but the Ag-glass wetting is more
difficult in flaky Ag powders.

(B) Surface Area: The surface area of Ag/Pd powders
indirectly affects solder leach resistance. rheology. shrinkage
during firing, film density. and conductivity. There are a broad
variety of chemically coprecipitated Pd. Ag. and Ag/Pd pow-
ders for use in different applications. Surface areas range from
0.1 to 10 m*/g for pure Ag. from 0.5 to 30 m*/g for pure Pd. and
from 0.5 to 15 m*/g for Ag/Pd. Tvpically Pd can be made with
higher surface areas than Ag. although Ag powders with surface
areas of up to 15 m*/g are possible and known in thick-film
compositions.

The surtace area must be within an optimum range. The sur-
tace area should be relatively low to permit high solid loadings
which vield high metal powder green densities in the dried
prints and therefore lead to high electrical conductivity.** How-
ever. powders having too low a surface area often result in
either poor reproducibility and/or open circuits. On the other
hand. the greater the surface area of powder. the finer the fired
film. but the resistivity is higher due to microcrack formation
and the presence of more grain boundaries.” Powders having a
high surface area also result in higher viscosity pasies which
cannot be screen printed easily.~ Powder finer than 20 m*/g
also has a tendency to “cake™ and catalytically react with the
vehicle and/or substrate.

Decreasing the surface area decreases the rate at which Pd
oxidizes and slows the shrinkage rate during firing.”*** How-
ever. this has an adverse effect on later metal densitication
and results in thicker fired films. Constantine'"* showed that
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increases in the surtace area result in low densities due to dens
fication prior to reduction of PdO and subsequent entrapment «
PdO at high temperatures,

For internal metallization applications. surface area is a ver
important parameter to control the shrinkage mismatch. Hig
surface area (>10 m*/g) materials are of little use in ML
applications. since the metal densities at lower temperature-
worsens the shrinkage mismatch. and can increase the rate
internal catalytic reactions.™™ Differences in the temperatur
ranges over which the electrode and dielectric begin to densit
can lead to internal stress and subsequent stress relief by forma
tion of delaminations. [n addition, catalyzed exothermic reac
tions due to the high surface area powder can generate local hc
spots which can also result in gelaminations.

(C)  Farticle Size and Particle Size Distribution: The par
ticle size and particle size distribution directly affect the gree:
packing density. final film density. and hence the electricu
properties. The packing of the particles for maximum gree:
density is a problem of great importance in ceramic process
ing and powder metallurgy. but it is even more critical fo
thick-film conductors because of the very low or negligibl
compacting pressures exerted during screen printing. The firec
film density, and hence the electrical resistivity, are intimatel:
related to the density of the metal compact which exists after th.
organic constituents of the ink have been removed in the early
stage of firing.'""" Good packing density in thick films can be
achieved by using powders that are well deagglomerated. has .
an optimum surface area, or have a multimodal particle size dis-
tribution (for dense random packing). However. powders witt
wide or muitimodal particle size distributions usually result ir
uneven sintering during firing. This can lead to discontinuous
metal layers due to the tendency of fine particles to align or
stick together due to electrostatic forces or differences in sinter-
ing between smali and large particles. Therefore. in practice.
tighter distributions and smaller agglomerate size powders are
used to achieve high green density.

Ag/Pd powders usually comprise primary particles that form
agglomerates | to 10 um in size.™ Powders with excessivels
large particies tend to clog screens. leach in solder. produce
poor adhesion. and tin poorly. However. using smaller particlex
requires considerably more vehicle to wet the pigment surface.
leaving less vehicle for flow and viscosity control. Thus. screen
clogging often occurs from inks or pastes made from very small
paniicle powders. Very fine powders can also build up complex
agglomerate structures and result in undesirable rheological
dilatancy.

The powder particle size also affects the densification for
solid-state sintering as well as liquid-phase sintering of the
Ag/Pd. For pure Ag. densification starts at temperatures lower
than that of coarse particles. For liquid-phase sintering, the
effect of glass addition on the densification is more pronounced
with small Ag powders. This is due to good wettability of Ag
and the large Ag/glass interfacial area obtainable with fine Ag
particles.

(D) Agglomeration: Deagglomerated powders resuit in
better particle dispersions and. hence. reduced surface asperi-
ties or lumps in the dried prints. The resultant smooth surface ot
dried prints results in more-uniform and better-continuity fired
films with higher electrical conductivities.* Usually the final
agglomerate or aggregate size in the paste will control the pack-
ing in the dried prints and influence the fired film density. Also.
the agglomerate particles can be the cause of pinholes and
cracks in the fired film. The largest agglomerate or aggregate in
a dispersion should be smu'ler than the thickness of the fired
film in order to ensure tirec wiformity. Thus. a key to formulat-
ing superior thick-film conductors is to imprcve their powder
dispersion or to precipitate unagglomerated powders directlv
from solution. Otherwise. the Ag/Pd particles will not pack
well. leading to discontinuous fired films. In many cases. manu-
facturers of the powders are using various dispersants and sur-
factants to coat the powder as part of the powder precipitation
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process. or after precipitation. in order to prevent agglomeration
and 10 improve powder properties.”"*

High green-state powder packing will also produce more
rapid sintering rates at lower temperatures than agglomerated
compacts because of the higher degrge of coordination with
other particles in the denser green tilm.*"' The green-state pack-
ing of the powder in a dried print is determined by the particle
size distribution and bulk density of the powder: a tiner particle
size distribution and higher bulk density usually will lead to
more rapid densification.

A general finding for thick-tilm pastes is that the quality of
the powder dispersion and the ultimate performance are highly
related. The paste with the better powder dispersion will allow
manufacturers to print electrodes at lower metal deposition
without sacrificing design performance. Pepin er al."** have
shown (Fig. 18) that one advantage of using deagglomerated
Ag/Pd powders is that typically 30% less metal powder is
needed to achieve the identical capacitance of a MLC.%#
Improved powder dispersions also result in a much sharper
capacitance cutoff. allowing tighter control on the distribution
of fired part capacitance. In addition, the better overall electrical

conductivity of ML.Cs made with deagglomerated powder gives

them a lower dissipation factor. at higher frequencies, than
MLCs made with agglomerated powder paste.** It is also shown
that the level of MLC failure due to low insulation resistance is
increased in proportion to the degree of agglomeration of the
intenal electrode.®

(E) Tap Bulk Density: The tap density is measured by
compacting a known amount of powder in an automatic tapping
machine for a preset time. Tap bulk density. combined with
powder particle size distribution and surface area. defines the
state of agglomeration of the powder. Tap bulk density is of
interest to the thick-film manufacturer because it additionally
can predict the powder’s ability to be wet by the vehicle during
milling. Itis panticularly critical for powders with a surface area
less than 2 m*/g. ™™

(3) Paste Properties

Paste properties. such as solids loading. dispersability. rheol-
ogy. and printability. influence the quality of the print. As men-
tioned earlier. the maximum solids loading of the paste which
can be achieved for a desired rheology depends on the surface
area of the powders. Usually. the solids loading of the fired-on
conductors and terminations are higher than that of internal
metallizations. Increases in the green density usually improve
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the final tilm propenties. vet cause problems with low-tempera-
ture shrinkage mismatch and high metal deposition.

[n addition to loading. the dispersion of the powders in the
vehicle also plays an important role in determining the tinal
density.™ The dispersion intluences both the particle packing 1n
the green state and the dried-to-fired shrinkage. though the latter
is more strongly controlled by surface area.

Table VI summarizes the rheological behavior typically
desired for Ag/Pd thick-film conductors used in different appli-
cations. Paste rheology is a critical concem for the screen print-
ing step.”™** Paste viscosity should be low at high shear rates to
allow for rapid printing. and high at low shear rates for good
line resolution.™" In general. fine powders can cause exces-
sively high paste viscosity. especially at high solid loadings.
Rheological optimization can be achieved by adjustment of
the vehicle resin content. the solid loading in the ink, and usage
of surface active materials. Rheclogy control is also very
important for termination during the dipping process.** Some
thixotropic behavior is generally required for a good termina-
tion. Too much can lead to a peaked end termination and thus
result in increased length dimension. Too little can lead to an
increasing degree of termination sagging, thus increasing the
land length and rendering the component unusable for some
surface mount applications.”* Although paste materials for
fired-on conductor and internal electrode also exhibit shear
thinning behavior. the degree of pseudoplasticity is usually less
than for a termination.

(4) Processing

During the manufacture of a thick-film material. components
are blended together in the desired ratio and are usually milied
on a three-roll mill (high shear rather than high impact) to
achieve deagglomeration and homogenization without altering
the morphological characteristics of the functional powders. In
some cases, ball-milling is another choice for low-viscosity
mixes, particularly for Ag-bearing terminations.*** The metal
powders are sometimes initially roll-milled without frit in order
to measure the paste particle size distribution of just the metal

Table VI. Typical Rheology of Thick-Film Conductors
Rheological charactenstic

Application

Newtonian or pseudoplastic
Pseudoplastic and thixotropic
Pseudoplastic and thixotropic

Intemnal electrodes
Terminations
Fired-on conductors
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Fig. 18.  Impact of the state of agglomeration on the capacitance and dissipation factor of multilaver capacitors.
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particles. A separate trit paste can also be made and roll-milled.
Final conductor compositions are obtained by combining the
metal and frit pastes. with a final roll-milling step added to
ensure intimate mixture." " .

After the ink pattern is screen-printed. it is necessary to allow
the paste to level. by viscous flow. to a uniform thickness betore
drying. Firing the hybrid circuit is a complex process which
consists of (a) buming out of organic binders, (b) oxidation/
reduction of the metallic elements. and (c) sintering of the
metallic element and glass to anchor the film to the ceramic.
The temperature, time. composition of atmosphere. and pres-
sure are important parameters during firing for controlling the
oxidation of Pd. the extent of the organic residue. the adhesion
of metal to ceramic. and the sintering shrinkage mismatch
between the multicomponents.?*’ For example, the presence of
excess O, in the bumnout atmosphere can have detrimental
effects. Pd can easily catalyze a strong exothermic pyrolysis of
the binder. It is usually possible to suppress such an exotherm
by monitoring the weight loss rate (dW/dr) through the heating
rate or restrictions on the amount of O, in the atmosphere which
can control the reaction.”® When an exothemmic reaction
occurs, the rate of gas evolution can easily exceed the capability
of the porosity in the green compact. This creates bubbles or
bloating. To avoid this. one can use N, atmosphere burnout at
temperatures below 500°C. But if the temperature is too high.
burnout in N, results in excess carbonization of the binder
residue.

X. Summary

Ag/Pd thick-film conductors are one of the most important
metallizations in microelectronic circuitry. Materials develop-
ment and process technology are very important for microcir-
cuit design, since they directly affect the electrical performance.
yield, reliability, and cost.

Pd oxidation and subsequent PdO reduction may influence
many properties of Ag/Pd film such as solderability. continuity.
density, and electrical conductivity. The Pd oxidation/reduction
also impacts on the reactivity and sintering shrinkage mis-
match between the metallization and ceramic substrates. Pd
oxidation/reduction can be controlled using either thermody-
namic or kinetic approaches. The thermodynamic approach
includes atmosphere. firing temperatures, and Ag/Pd ratio: and
the kinetic approach includes powder characteristics and heat-
ing rate.

Formulation design parameters include Ag/Pd ratio and inor-
ganic and organic constituents. These determine the chemical
and physical interaction between the Ag/Pd metallization and
the adjacent compounds as well as the fired film properties such
as electrical conductivity, thermal conductivity. adhesion/
bonding. continuity. solderability. migration resistance. and
solder leaching resistance.

Paste properties. such as theology and dispersity of the inor-
ganic powders, are critical issues that influence the line resolu-
tion. smoothness. or cosmetic properties of the film. Properties
of an Ag/Pd thick-film paste can be controtled by tailoring the
powder characteristics of the metal powders and inorganic
components and by optimizing the paste mixing and milling
process.

Therefore, powder characteristics. paste formulation. and
processing controi must all be optimized in order to reduce the
Pd oxidation. to minimize the potential interaction between
Ag/Pd and the other components. and to obtain the desired
paste properties. These. in tumn. determine the final tilm proper-
ties and the mechanical and thermal compatibility.
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L Abstract
A generic copper thick film ink system was formulated to be representative of the inks used

currently in industry. The microstructural evolution of two of the copper-based inks based on the
generic composition was investigated using an environmental scanning electron microscope
(ESEM) equiped with a hot stage. The first ink, consisting of copper and organics, oxidized
heavily during firing while an ink, consisting of copper, glass and organics, oxidized only slightly.
The sequence of events observed in firing the ink comprised of copper, glass and organics is as
follows: the burnout process reached completion by about 320 °C. Copper oxidation was observed
to occur between 500 °C and 600 °C. The glass was observed to soften over the same temperature
range. By 700 °C, the glass has softened and coated the copper particles. Prior to glass softening,
oxidation occurs regardless of the presence of the glass. However, once the glass has softened,
copper oxidation was retarded.

Cuz0 was found to be sufficiently soluble in the glass to allow it to be removed from the
surfaces of the copper particles. Thus the presence of glass facilitates the formation of conductive

paths by two mechanisms. It inhibits oxidation and it dissolveed the oxide that forms. Both

processes allow effective sintering.

Supported by funding from the Center for Dielectric Stucies at Penn State




IL Introduction

Superior properties, such as solderability, adhesion and conductivity, make copper bzsed
thick films ideal for applications in hybrid circuits [1]. Therefore, much can be found in the
literature regarging the processing and properties of copper films [2,3,4,5,6]. Details about firing
atmospheres, film compositions and film properties are widely published [3,6,7,8). But for a few
exceptions [9,10,11], little have been written regarding how the film composition affects the
microstructural evolution during firing. One exception is a study by Kuo [9] which reported that
the glass in the copper thick film penetrates into the glassy phase between alumina grains as a result
of firing. In spite of this, there has been a lack of investigations that describe the manner in which
glass or adhesion promoters affects the microstructural development during the firing of a copper
film.

The aim of this study was to first establish generic copper thick film constituents that are
representative of the constituents used in industry today. Simple copper film compositions were
formulated and their microstructural evolution studied. Progressively more complex compositions
were then formulated and studied once the microstructural evolution of the simple systems was
established.

In addition to copper, copper thick films usually contain a glass frit, an adhesion promoter
and organics; other additives may be incorporated for special applications. The proportions of
components are generally in the following range:

e 70-90 wt% copper

o 1-10 wt% glass

o 0-5 wt% adhesion promoter

s 10-20 wt% organics
It has been empirically determined that the copper powder should be spherical and have particle
sizes between 0.5 and 10 pm. Copper © ~icles that are too large will not sinter well at low

temperatures. Particles below 0.5 uo Juire an excessive amount of organic to achieve

dispersion. [10]. The organic additives are necessary for screen printing. Ata minimum, these




include a binder and a solvent (dispersants, wetting agents and viscosity modifiers are sometimes
added to aid in processing). A very common combination is ethyl cellulose as the binder and
terpineol as the solvent. It is important that all of the organics be burnt out between 300 and 550
°C otherwise ﬁim integrity will be compromised [12]. Residual carbon from improperly burnt out
organics can lead to char formation and blisters in the final film [13].

There is much latitude in the composition of the glass frit that can be used. Lead
borosilicates are common; however, any number of constituents can be used. One important
parameter is the softening point of the glass. Two views have been expressed regarding the
optimum softening point. Prabhu et al. [14] suggest using a glass of high softening point
(>700°C) to insure that the organics are completely burnt out from the film before the glass melts
and possibly entraps the organics. Alternatively, Kuo [9] suggest using a glass with a lower
softening point (400-500°C). Since the softened glass creates a medium for liquid phase sintering,
a lower softening point glass allows the copper particles to begin sintering at lower temperatures.

Common adhesion promoters are Cuz0, PbO and CdO. These oxides form spincl-type
compounds with the alumina substrate to aid adhesion. A way of predicting the utility of an
adhesion promoter is to determine if it forms an intermediate compound with the substrate material.
If for example, an intermediate compound exists with alumina, it is likely that the oxide will help
adhesion [15].

Finally, other compounds may be used as additives to allow firing in air, to improve
dimensional stability, or to improve solderability. For example, a boron paste screen printed on
top of a copper film will oxidize preferentially to the copper allowing the film to be fﬁtd in air.
The boron oxide can then be washed away after firing [8]. A refractory metal can be added to
remove oxidation present on the copper or any oxygen present in the atmosphere [16). Coating the

copper particles with a metal oxide can control sintering and hence shrinkage rates [17]. Finally, a

metal silicide or metal boride can be added to improve solderability by hindering grain growth [18].




Two inks were studied in this investigation. The first ink contained only coppe: and
organic constituents and will be referred to as the copper ink or film. The second contained 90
wt% copper and 10 wt% glass as the solid constituents and will be referred to as the copper + glass
ink or film. In both cases, the ink composition consisted of 85 wt% solids and 15 wt% organics.
The glass used consists of 63 wt% PbO, 25 wt% B203, and 12 wi% SiO2. The organic
composition consists of 9 wt% ethyl cellulose (binder) in terpineol (solvent).

Determination of a generic copper thick film ink composition also dictated the manner in
which the film would be processed. The copper powder did not require any special processing
before it was used in the ink. The organics were prepared by simply adding the ethyl cellulose
powder to the terpineol solvent and stirring until the powder dissolved completely.

The glass was prepared by heating the suitable proportions of PbO, H3BO3, and SiOzina
platinum crucible to 1000 °C for one hour. The melt was quenched by pouring it into deionized
water. Quenching the glass in water frits it into a coarse powder. After drying at 110°C for six
hours, the glass was milled in acetone with alumina media for 24 hours and dried again. The
resulting glass powder was sieved through a 400 mesh screen.

Mixing was carried out using a three roll mill in order to achieve a homogeneous paste.
The inks were screen printed on 96% alumina substrates and dried at 110 °C for 10 minutes before
they were fired.

The inks were fired in an environmental scanning electron microscope (ESEM). The
ESEM was equiped with a hot stage and was used to investigate the microstructural evolution of
the copper thick films during firing. The ESEM allows pressures as high as 100 torr above the .
sample while it is being imaged. The hot stage can achieve temperatures as high as 1000 °C. In
this investigation, nitrogen containing 2-10 ppm oxygen (reported by vendor) was used as the
atmosphere. The nitrogen pressurc was maintained at 2.3 torr. The firing cycles (figure 1)

consisted of a ramp of approximately 20 °C/min to a peak firing temperature of 900 °C and thena

rapid quench.




The burnout characteristics of the organics were determined using thermal gravimetric
analysis (TGA) for the weight loss versus temperature. Sixty-five mg of the ethyl
cellulose/terpineol mixture was heated at 5 °C/min in a platinum pan to 500 °C in a nitrogen
atmosphere con'tvaining 2-10 ppm oxygen. The glass was characterized using Differential Thermal
Analysis (DTA). Approximately 40 mg of the glass was heated at 10 °C/min to 700 °C to
determine the transformation range and softening point. The copper was characterized using
sedimentary technique to determine the particle size distribution. The copper powder was
dispersed using "sedisperse” oils and sonicated to insure thorough dispersion of the particles. The
results of the sedigraph analysis of the copper powder show a mean particle size of 4.8 um with
the largest particles being 10 pm and the smallest being 1pum.

Finally, x-ray diffraction was performed on a mixture of 15 wt% Cuz0 in the glass before
and after melting to determine the extent of the CusO solubility. The Cuz0 powder and glass frit
were mixed and heated to 900 °C at 20 °C/min and then quenched by pouring into deionized water.




IV. Resul { Di .

The firing cycles used in this study differ from those used in commercial operations. The

heating rate used in this study is much slower, however, the same mechanisms should occur in the
firing of comm::rcial inks but at different rates.

The thermogravimetric analysis plot in figure 2 shows that solvent evaporation occurs over
a temperature range of 85 °C to 250 °C and that the maximum rate of evaporation occurs at 150°C.
These results show that the drying of the ink at 110 °C before firing will evaporate all of the
solvent. The ethyl cellulose burns out over a range of temperatures from 250 °C to 400 °C.
Differential thermal analysis (figure 3) shows the glass in our ink has a transformation range of

. 440-480 °C and a softening point of approximately 540 °C. Thus the glass softens after the binder
has burned out minimizing the chance of entrapping organics that may result in carbon residue in
the film.

Figure 4 shows the microstructural evolution observed in the ESEM for the two
compositions studied. Because the dimensions of the specimen change considerably during
heating the micrographs at each temperature are not of the exact same area of each film, however,
an attempt was made to image the same particles throughout the firing cycle. A number of such
particles can be observed in each micrograph throughout the firing cycle. Figure 4A shows the the
screen printed films after drying and before firing. The glass particles are morphologically distinct
from the copper particles. The glass particles have very sharp corners while the copper particles
are equiaxed. A glass particle is labeled as B in figure 4. The particle sizes of the copper powder
seen in the micrographs are in agreement with those seen in the sedigraph analysis. The
microstructures of the films do not change until they are heated above 500 °C. As figure 4B
shows, there is no change in the microstructure after heating to 500 °C. According to the TGA
results all of the organics have volatilized by this temperature, therefore burnout occurs without

any discernable variation in microstructure. There is no noticeable difference between the copper

film and the copper + glass film other than the existence of the glass particles.




At 600°C (figure 4C), the microstructures become noticeably different. The copper
particles in the copper film now have a "fuzzy" appearance which is the result of the onset of
oxidaton. Particle A has grown from 5 pm to 5.7 um along its major axis and from 3.3 um to
4.0 um along 1ts minor axis due to oxidation.

The corners of the glass particle labeled as B, in the micrograph of the copper + glass film
at 600°C (figure 4C), have rounded, indicating that the glass has begun to soften. This observation
is in accord with the DTA results that show that the glass has a softening point of 540°C. This
micrograph also shows the glass wets the copper particles by this temperature. Once the glass
softens, liquid phase sintering may begin and a continuous film is starting to form. The presence
of oxidation at these temperatures is not noticeable in the copper + glass film.

Once 700 °C has been reached, the oxidation on the copper film is more extensive (figure
4D). The copper particle labelled as A in figure 4D has grown to 6.0 pm along the major axes,
however no further measurable oxidation is seen along the minor axis. The oxidation
microstructure has progressed from a fuzzy covering of the copper at 600 °C to fine scaled faceted
particles. The glass in the copper + glass film has completely melted and coated the copper
particles creating a 3-dimensionally connected microstructure that is the result of further liquid
phase sintering. In addition, the copper + glass film has oxidized slightly. Evidence of oxidation
is seen as the presence of submicron nodules on the copper particles.

At the highest temperature (900 °C - figure 4E) oxidation in the copper film is very
extensive. The entire surface of the film consists of faceted copper oxide crystallites much larger
than the fine particles seen at 700 °C. Particle A has oxidized to a final size of 6.7 pm along the
major axis and 5 pm along the minor axis. It is difficult to discern the extent to which the copper
particles have sintered beneath the oxidation layer. The copper + glass film shows further
oxidation when compared to the 700 °C (figure 4D) but not nearly to the extent of the copper film.
The existence of discrete copper particles can no longer be seen. Comparing the copper and copper

+ glass films illustrates the extent to which the glass addition inhibits oxidation.




The data does not suggest the mechanism by which the glass inhibits oxidation. There
appears to be simultaneous processes occuring. The first is that the glass coats the copper paiticles
after it has softened and is able to flow thereby isolating them from the small amount of oxygen in
the nitrogen atmosphere preventing oxidation. However, although oxidation is retarded, it is stll
occuring in the copper + glass film as shown in figure 4E.

The second phenomenon is the dissolution of the Cu20 by the glass. The viability of this
mechanism was found using x-ray diffraction. Addition of crystalline Cuy0 to the glass and
carrying out x-ray diffraction analysis before and after melting demonstrates that Cu2O is soluble in
the glass used for the copper + glass film. Figure 5 shows the XRD patterns before and after
melting (peak temperature of 900 °C) the lead borosilicate glass with 15 wt% Cu20 added to it.
The CupO peaks seen in the first XRD pattern can no longer be observed after melting. This
demonstrates that CuqO is soluble in the glass used in this study indicating that the glass can

dissolve a large amount of copper oxide as it forms in copper thick films during firing.




Y. Summary

Direct observation of the microstructural evolution with temperature indicated that the
presence of glass serves two functions. Glass facilitates sintering and improves oxidation
resistance. No';:hangc in microstructure for either film is apparent until 600 °C. At 600 °C, the
copper film began to oxidize and the glass in the copper + glass film softened. In addition, the
copper + glass film shows signs of sintering while the copper film does not. The copper film
continues to oxidize with further heating. Evidence of copper oxidation in the copper + glass film
is observed at 700 °C but oxidation is not nearly as severe as the copper paste. At 900 °C the
copper film consists of faceted Cu2O particles while the copper + glass film shows only limited
signs of oxidation. Solubility of Cu20 in the glass shows that the dissolution of copper oxide in

the glass is possible during firing to aid in sintering as well as improve oxidation resistance.
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Figure 1. Heating rates used in the ESEM 1o fire the copper and the copper + glass pastes.

Figure 2. TGA plot showing weight loss versus temperature and the first derivative of weight loss

versus temperature for the organics system used to form the pastes used in this study.
Figure 3. DTA plot of the glass used for the copper + glass paste formulated in this study.

Figure 4. The micrographs of the pastes as a function of temperature during firing. A). Before

firing. B). Heated to 500 °C. C). Heated to 600 °C. D). Heated to 800 °C. E). Heated to 900
°C. (The baris 5 um.)

Figure 5. X-ray diffraction scan of a mixture of 15 wt% Cu20 in the lead borosilicate glass before
and after melting showing the ability of the glass to dissolve the Cu20.
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Figure 1. Heating rates used in the ESEM to fire the copper and the copper + glass pastes.
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Figure 3. DTA plot of the glass used for the copper + glass paste formulated in this study.




Figure 4. The micrographs of the pastes as a function of temperature during firing. A). Before

firing. B). Heated to 500 °C. C). Heated to 600 °C. D). Heated to 800 °C. E). Heated to 900

°C. (The bar is 5 pm.)
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Figure 5. X-ray diffraction scan of a mixture of 15 wt% Cuz0 in the lead borosilicate glass before
and after melting showing the ability of the glass to dissolve the Cu20.




